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Chapter 1

INTRODUCTION

This dissertation covers topics in the fields of macroeconomics and environmental
economics. In particular, it focuses on the effects of population aging, climate change
and natural resource use on economic growth and the setting of optimal fiscal and
climate policies using both theoretical and empirical methods.

In the second chapter, I show that optimal climate policies price externalities due
to carbon emissions through Pigouvian taxes (the social costs of carbon), but these
must be adjusted when there are other intertemporal distortions in the economy i.e.,
capital income taxes. I develop a climate–economy model to study the joint design of
optimal climate and fiscal policies in economies with heterogeneous agents. House-
hold heterogeneity comes from a life-cycle structure so that young and old people be-
have differently, and idiosyncratic productivity shocks in old age. I demonstrate how
capital taxation, if optimal, drives a wedge between the market costs of carbon (the
net present value of marginal damages using the market interest rate) and the Pigou-
vian tax (the net present value of marginal damages using the consumption discount
rate of successive overlapping generations). In the optimum, the capital income tax
is positive, the carbon price equals the market costs of carbon but it falls short of the
Pigouvian tax when (i) preferences are not separable over consumption and leisure;
(ii) labor income taxes cannot be age-dependent; or (iii) there is uninsurable labor in-
come risk. In a numerical exercise, I find that idiosyncratic risk leads to an optimal
capital income tax rate of 48% and a carbon price 11% lower than its Pigouvian level.

In the third chapter, we consider the effect of demographic change, low fertility
rates and high life expectancy, on capital and climate investments in an overlapping
generations model. We derive a simple formula for the social cost of carbon (SCC) and
propose a time-varying social discount factor that allows climate policies to reflect de-
mographic patterns. Population aging leads to a robust increase in future households’
savings and aggregate capital, putting downward pressure on real interest rates, and
yields a higher social cost of carbon as a result. In the calibrated model, demography
raises the SCC from 26 euros per ton of carbon dioxide (AC/tCO2) to 82 AC/tCO2 at
2020.



2 Introduction

In the fourth chapter, we explore the effects of energy innovation and policy on
growth rates using US state level data. Between 1997 and 2014, US corn, soybean,
and cotton production almost fully converted to genetically modified crops. Starting
around 2007, improved tight oil and shale gas technologies turned the declining US
fossil fuel production into a booming industry. We study the effects of these two re-
source technology revolutions on US state income. We find that the shale revolution
increased income in states abundant in oil and gas resources. States dependent on
agricultural production also saw an increase in income, which we, however, attribute
not only to the GM innovation but to a demand increase brought by the Energy Policy
Act of 2005.

In the fifth chapter, we analyze optimal fiscal policies in an economy with endoge-
nous retirement and demographic change. We find that there exists a threshold for
the tax rate that separates a full retirement equilibrium from a partial retirement equi-
librium. If the tax rate is sufficiently high relative to the threshold, households choose
to leave the market at the beginning of the second period of their lives. We find that
the threshold is an increasing function of the survival probability and a decreasing
one of the fertility rate. We also show that households may decide to fully retire even
if the tax rate is relatively low and less distorting. In particular, we demonstrate that
either a high fertility rate or a low probability of survival make people fully retire.
These considerations may help us to explain why population aging creates incentives
for people to stay in the labor market for a longer period of time in older ages, and
why such a decision is, to a certain extent, independent of the tax rate on labor in-
come. Finally, we solve for optimal policies and characterize the tax rates on labor
income that decentralize the command optimum as a competitive equilibrium. We
show that when the social planner is not able to decide about retirement, the com-
mand optimum can only be replicated through taxes when there is full retirement,
and not otherwise.
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Chapter 2

OPTIMAL CLIMATE AND FISCAL POLICY WITH
HETEROGENEOUS AGENTS

2.1 Introduction

A fundamental observation in the literature about pricing externalities e.g., the setting
of Pigouvian taxes to internalize social costs, is that those prices should be adjusted
in the presence of other distortions in the economy. This is particularly relevant in
the context of environmental regulations. Recent economic research has suggested
that optimal prices for pollution control respond differently to the existence of ex-
ogenous income taxation (Barrage, 2020), time-inconsistency problems (Gerlagh and
Liski, 2018b; Schmitt, 2014), or differences between private and social discounting
(Barrage, 2018; Belfiori, 2017). Other studies also point out to adjustment in poli-
cies when, for instance, distributional concerns are taking into consideration (Chirole-
Assouline and Fodha, 2011, 2014), firms face financial frictions or productivity shocks
(van den Bijgaart and Smulders, 2017; Hoffmann et al., 2017), or there is asymmet-
ric information (Jacobs and de Mooij, 2015; Kaplow, 2012; Tideman and Plassmann,
2010).

This paper considers the problem of a government that wants to avoid global
warming and its associated future economic costs, and to do so it can set a carbon
price on CO2 emissions. To raise revenues either to finance government consumption
or to provide social insurance, however, the government only has access to distor-
tionary taxes on labor and capital income. So, how should climate and fiscal policy be
implemented? To answer this question, I develop a climate-economy model with het-
erogeneous agents to study the behavior of capital, labor, and carbon taxes, their in-
teractions and possible adjustments, when there may not be access to individualized
lump-sum taxes and first-best allocations are unattainable. The main contribution
of this paper is then to provide a full analytical characterization of optimal policies
using elasticities of substitution, the marginal cost of public funds, and policy instru-
ment constraints, so that optimal climate and fiscal policies can be described through
standard wedges on consumption-savings and labor supply decisions.

By considering the joint design of optimal climate and fiscal policies in economies
with heterogeneous agents, and by means of simple formulae, the model is particu-
larly useful for informing us about the conditions under which the carbon price may
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differ from the social costs of carbon (the Pigouvian tax), and the resulting paths for
labor and capital income taxes. Three reasons motivate this analysis. First, typical
climate economy models use infinitely-lived representative agent frameworks, e.g.,
Nordhaus (2008), Golosov et al. (2014), so they are silent about the role of heterogene-
ity for optimal policies and distributional issues. Second, the economics of climate
change generally assumes that the climate externality is the only distortion in the
economy, and propose standard Pigouvian taxes on carbon emissions to internalize
such social costs. In those scenarios thus no correction in policies are needed. Third,
optimal fiscal policy does not usually consider the potential of carbon taxation to raise
revenues for the government, it overlooks that environmental regulation may reduce
other tax bases, and how restrictions on policy instruments may affect general opti-
mal taxation prescriptions. The goal of this paper, then, is to provide a theoretical
framework that encompasses such concerns and to derive intuitive climate and fiscal
policy rules using an otherwise standard heterogeneous-agents model.

I assume full commitment throughout and solve for optimal policies using the
Ramsey approach to optimal taxation, i.e. the so-called primal approach (Lucas and
Stokey, 1983; Erosa and Gervais, 2002).1 This allows the government to maximize the
social welfare of current and future generations by choosing over allocations instead
of taxes subject to a sequence of implementability constraints. The optimal allocation,
then, can be decentralized as a competitive equilibrium through prices and taxes. My
main result is to demonstrate how capital taxation, if optimal, drives a wedge be-
tween the market costs of carbon (the net present value of marginal damages due to
carbon emissions using the market interest rate, the one that reflects the social plan-
ner discount rate) and the Pigouvian tax (the net present value of marginal damages
using the consumption discount rate of successive overlapping generations). Without
intertemporal distortions in the economy e.g., zero capital tax rates, it is well-known
that the marginal rate of substitution for consumption between two periods equals
the opportunity cost of capital (the marginal rate of transformation), so both valua-
tions in equilibrium are the same.

Heterogeneity in this economy comes from an overlapping generations structure
without altruism so that young and old people behave differently, and idiosyncratic
labor income risk in old age that generates ex-post heterogeneity.2 People live only
for two periods, make decisions about consumption and savings, pay income taxes,
and may also derive utility from leisure. In contrast to infinitely-lived representa-
tive agent models, assumptions about complementarity between consumption and
leisure and age-dependent taxation are shown to be crucial for optimal tax rules.3 In

1Note that the resulting policies are second best due to lump-sum taxation unavailability.
2The assumption of selfish generations can help us to rationalize the difficulty of implementing cli-

mate policies. Global warming is an intergenerational problem because the costs and benefits from
a better climate are asymmetrically distributed across generations and over time. So, in contrast to
infinitely-lived agents models, an OLG model seems to be the first natural approach for dealing with
climate change.

3For instance, older people tend to have a more elastic labor supply than the young people and, in
response to a common labor tax, would like to save at a higher rate to compensate for a lower labor
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old age, people may also face uninsurable labor productivity shocks. The presence
of a precautionary motive for saving then creates a pecuniary externality, i.e., house-
holds do not internalize the effect of a higher saving rate on wages and interest rates
(Aiyagari, 1994; Huggett, 1996). Since the government cannot provide full insurance
to households, a Pigouvian tax on capital income becomes optimal in order to avoid
capital over-accumulation (Krueger and Ludwig, 2018).4

On the production side of the economy, a representative firm produces the final
good in a perfectly competitive market using labor, capital, and energy. However,
it does not internalize that carbon emissions, due to current energy use, increase the
stock of atmospheric greenhouse gases, change the climate and reduce future out-
put. Hence, the government would like to impose a Pigouvian tax on CO2 emissions
(i.e., the social costs of carbon) to reflect in the firm’s decisions the discounted fu-
ture marginal damages of emitting one additional unit of CO2 into the atmosphere
(Golosov et al., 2014).

In order to disentangle the different channels through which climate and fiscal
policy may interact, and possible reasons for optimal capital taxation, I consider two
general cases. Firstly, I analyze an economy without idiosyncratic risk but endoge-
nous labor supply where the government wants to raise revenue to finance public
spending, but due to restrictions in lump-sum taxation, it relies on distortionary taxes
on labor and capital income that may vary with age. Secondly, I study an economy
with exogenous labor supply but subject to idiosyncratic labor income risk where the
government does not have public spending requirements. Yet, due to its inability to
complete markets, it makes transfers to households in old age to partial insurance
them against such a risk. To avoid capital over-accumulation given the precautionary
saving motive it may use capital income taxes. In both cases, the government cares
about the environment and sets a carbon tax on emissions, in so doing, explicitly tak-
ing into account the other distortions.

In the first case, under the assumption of weak separability in preferences over
consumption and leisure, age-dependent labor income taxation allows the govern-
ment to rely on a carbon price to tackle the climate externality and on labor income
taxes to fulfill its spending requirements following the principle of targeting (Sandmo,
1975; Dixit, 1985). By doing so, the government avoids intertemporal distortions and
chooses a zero capital income tax rate. Although a labor tax affects intratemporal de-
cisions, those do not stop that the carbon price from attaining its Pigouvian level,5

since the marginal rate of substitution for consumption is not distorted.

supply (see, for example, Karabarbounis (2016), Weinzierl (2011) and Conesa et al. (2009)). Positive
capital income taxes then may be used to restrict the incentives for saving and to reduce the demand for
leisure.

4The main reason for using these two distinct models is to highlight the mechanisms through which
capital taxation may affect the design of optimal climate policy.

5It is worth mentioning that it does not mean carbon prices under distortionary taxation are equal
to the first-best level. Labor taxes decrease the size of the economy so that damages are also reduced,
implying lower carbon prices. It just implies that, in the case of production losses due to climate change,
the formula for the optimal carbon price is not adjusted by the marginal cost of public funds.
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I also show that, over the life-cycle, non-separability in preferences and decreas-
ing labor supply profiles leads to an optimal price on carbon emissions that falls
short of the Pigouvian tax. Labor income taxes influence both labor supply and
consumption-savings decisions due to the complementarity between consumption
and leisure. Since leisure cannot be taxed directly, the government finds it optimal
to tax capital as a means of making leisure more expensive tomorrow by increasing
the price of future consumption (Erosa and Gervais, 2002; Corlett and Hague, 1954).
Importantly, the sign of this tax rate is determined by the optimal allocation of labor
over the life-cycle and the intertemporal elasticity of substitution.

It is worth noting that given age-independent taxation, regardless of assumptions
about preferences, the optimal carbon price does not correspond to the Pigouvian
tax. The intuition is simple. Because the government could use capital income taxes
to mimic the allocations under age-dependent taxation, that is, to reduce the distor-
tion in the labor market, it always finds it optimal to set non-zero capital income
taxes (Conesa et al., 2009; Gervais, 2012). Both the marginal rate of substitution for
consumption and the carbon price formula are then distorted.

Uninsurable labor productivity shocks and the lack of policy instruments for re-
distributing resources across generations, creates a role for positive capital income
taxes as a means to impede over-accumulation of capital (Krueger and Ludwig, 2018).
Here, to focus only on the role of idiosyncratic risk for optimal policies and to obtain
closed-form solutions, I consider an economy with exogenous labor supply and loga-
rithmic utility as a special case. I derive a simple formula for the optimal carbon price
under incomplete markets and overlapping generations. As discussed in Golosov
et al. (2014), in order to get a closed-form solution for the optimal carbon price, one
requires: (i) logarithmic utility, (ii) multiplicative climate damages in standard Cobb-
Douglas production functions, (iii) carbon stocks being linear in emissions, (iv) exoge-
nous labor supply, and (v) full depreciation. Since assumptions (i) and (iv)-(v) yield a
constant saving rate, taxes on capital are also constant over time. Using this constant
saving rate, I show that the market costs of carbon is then proportional to output, it
grows at the same rate of the economy, and only depends on a few parameters as in
Iverson and Karp (2018), Gerlagh and Liski (2018a,b), and Golosov et al. (2014).6

In particular, following this tradition, I corroborate that, even if the saving rate is
also constant over time in a framework with heterogeneity and incomplete markets,
it is an increasing function of idiosyncratic labor income risk (Krueger and Ludwig,
2018). It turns out that the capital tax that decentralizes the second-best allocation
chosen by the government is therefore constant over time and rises with the under-
lying level of risk. Moreover, I demonstrate that in a second-best world, the effective
discount factor used to calculate the present value of future marginal climate damages
now depends on additional parameters, i.e., the intergenerational discount factor, the
subjective discount factor, the capital share, old-age productivity, carbon cycle, and

6See, van den Bijgaart et al. (2016), Rezai and van der Ploeg (2015), and Barrage (2014), for details of
the robustness of simple formulae for carbon prices.
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temperature response parameters. In a numerical exercise, I find that uninsurable la-
bor productivity shocks lead to a capital income tax rate of 48% and a carbon price of
21.87AC/tCO2, approximately 11% lower than its Pigouvian level in the first best.

Furthermore, I show that restrictions on climate change policy provides a rationale
for positive capital income taxes. For instance, suppose that the carbon price is set
below the market costs of carbon, so that production is above its efficient level. The
government then finds it optimal to reduce the level of aggregate capital, and thus cut
emissions, by taxing capital. This result is robust, even if preferences are separable
over consumption and leisure and the marginal cost of public funds is constant over
time. I also find that the path of labor income taxes should be adjusted to control
for this inefficiency. In contrast to the principle of targeting and similar production
efficiency concerns, since the climate externality cannot be directly corrected, it is
optimal to impose taxes on other factors of production.7

Related literature. This paper relates to distinct strands of literature. Firstly, one
of most critical issues in climate change policy is the decision about which discount
rate to use for the determination of carbon taxes, i.e. a price that completely in-
ternalizes future marginal damages coming from current carbon emissions (Giglio
et al., 2018; Gollier and Hammitt, 2014; Greenstone et al., 2013). In this matter, for
instance, Nordhaus (2008) and Stern (2007) provide somewhat different recommen-
dations. Nordhaus (2008) argues that current investments in climate change mitiga-
tion should earn the same return as other investments in the economy, i.e. the market
interest rate. Stern (2007) suggests following an ethics-based approach and recom-
mends using a very "low" rate of pure time preference. Such an assumption, however,
would imply higher savings rates than the ones observed in the data (Belfiori, 2017).

Schneider et al. (2012), Goulder and Williams (2012), Weisbach and Sunstein (2009),
and Dasgupta (2008) discuss the reasons behind these differences and point to the
concepts attached to social discounting as the cause of disagreement. Following a
suggestion by Goulder and Williams (2012), I add to this literature by explicitly con-
sidering the difference between the market costs of carbon and the social costs of car-
bon. These concepts differ with respect to the discount rate used to evaluate future
marginal damages to production by current pollutant activities. While the first one
uses the market interest rate (the marginal productivity of capital), the second one em-
ploys the consumption discount rate (the marginal rate of substitution for consump-
tion). I show that in first-best scenarios, this differentiation is unnecessary because
optimality implies their equalization. In second-best worlds, however, this distinc-
tion becomes essential for understanding optimal deviations of the carbon price from
its Pigouvian level.

7The full solution of this problem is derived in Appendix 2.A.11. Following Barrage (2020), in Ap-
pendix 2.A.13, I also show that when the government must respect a constraint on capital income tax
rates, I find that the equality between the optimal carbon price and the market costs of carbon does not
hold anymore. This result relies on the fact that since the government cannot optimally choose the level
of aggregate capital by means of a specific capital tax rate, it affects the discount rate used to calculate
the present value of future marginal damages from current carbon emissions.
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Recent studies have also pointed to the importance of understanding the relation-
ship between the existence of capital income taxes and the setting of climate policies,
e.g. the carbon price in dynamic climate-economy models. For instance, using an
infinitely-lived representative agent model, Barrage (2020) shows that when climate
change generates future production losses, the optimal carbon price equals the Pigou-
vian tax i.e., the social costs of carbon, even if fiscal policy is distortionary.8 Intuitively,
a capital income tax distorts the consumption-savings decisions of households, so a
government that wants to minimize the cost of taxation would choose to avoid in-
tertemporal distortions. In contrast, when the government faces an exogenous con-
straint implying a positive capital income tax, Barrage (2020) finds that the optimal
carbon prices should be set below its Pigouvian level.9 I contribute by developing a
climate–economy model with heterogeneous agents to provide new formulae for the
set of policy instruments.

In particular, a different strand of literature suggests motives for positive capi-
tal income taxes not present in ILA models. For instance, life-cycle characteristics,
differences in labor supply or productivity profiles, tax instruments available to the
government, and preferences modeling (Garriga, 2019; Peterman, 2013; Conesa et al.,
2009; Iqbal and Turnovsky, 2008; Erosa and Gervais, 2002, 2001; Garriga, 2001). I add
a full characterization of optimal carbon prices in heterogeneous agent models with
distortionary taxation,10, and provide a set of results in terms of preferences modeling
and policy instruments available to the government.11 By considering an economy
with idiosyncratic labor income risk and its implications for capital and carbon taxes,
this paper also connects to a sizable literature about incomplete markets and opti-
mal taxation (Krueger and Ludwig, 2018; Gottardi et al., 2015; Hiraguchi and Shibata,
2015; Aiyagari, 1995, 1994).

8It is well known that in infinitely-lived representative agent (ILA) frameworks, and in the absence
of lump-sum taxation, the government finds it optimal to fully rely on labor income taxes to finance
public spending, and then the optimal capital income tax should be zero in the long run (Chamley, 1986;
Judd, 1985). Straub and Werning (2019) indicate, however, that this result is no longer valid whenever
the elasticity of intertemporal substitution is below one. See also Albanesi and Armenter (2012) for an
analysis of the effects of intertemporal distortions in ILA models.

9 Schmitt (2014) proposes an ILA model without commitment technologies, characteristically gen-
erating endogenously positive capital income tax rates, and finds that governments also set optimal
carbon taxes below Pigouvian levels.

10Kotlikoff et al. (2019) propose a fully flexible 55-period OLG model to derive optimal climate policy
but do not analyze the role of distortionary taxes. Rausch and Abrell (2014) provide a characterization of
capital-carbon tax interactions in an overlapping generations framework. However, they do not discuss
the consequences of distinct preferences specification, the role of age-dependent taxation in those inter-
actions, and restrictions on both fiscal and climate policy, as this paper does. Fried et al. (2018) study the
introduction of a revenue-neutral carbon tax policy in a life-cycle model with distortionary taxes and
quantify their distributional effects. They do not derive optimal carbon prices and do not consider the
implications of existence of age-dependent taxation. A similar analysis can be found in Dao and Dávila
(2014), nevertheless, the authors only consider the cases of exogenous labor supply and no restrictions
on policy instruments.

11For other studies dealing with overlapping generations and the enviroment, see for example,
Nakabayashi (2010), Howarth (1998a), Marini and Scaramozzino (1995), John and Pecchenino (1994),
and Howarth and Norgaard (1993). For a discussion about environmental concerns and distortionary
taxation, see e.g., Goulder (2013), Bovenberg and Goulder (2002), Bovenberg and de Mooij (1994) and
Bovenberg and van der Ploeg (1994).
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Finally, this paper also relates to the literature that evaluates the role of age-depen-
dent taxation in the setting of fiscal policy as in Bastani et al. (2013), Weinzierl (2011),
and Blomquist and Micheletto (2008). I complement these studies by showing that
the introduction of labor income taxes which can be conditioned by age, at least un-
der the assumption of weak separability in preferences over consumption and leisure,
leads to a zero capital income tax and to an optimal carbon price that attains its Pigou-
vian level. As may be expected, when the government has access to more fiscal in-
struments to finance spending, it is optimal to choose the ones that avoid or reduce
intertemporal distortions.

Outline. The organization of this paper is as follows. Section 2.2 lays out the main
characteristics of the model, provides some definitions about the costs of carbon and
describes first-best allocations. Section 2.3 presents the Ramsey problem and derives
optimal taxes using the primal approach. Section 2.4 studies the role of age-related in-
come taxation and characterizes optimal taxes. Section 2.5 deals with optimal policies
under idiosyncratic risk and incomplete markets. Section 2.6 presents a quantitative
exercise. Section 2.7 concludes.

2.2 The benchmark model

I consider a two-period overlapping generations model based on Howarth and Nor-
gaard (1993) and Howarth (1998a). I introduce endogenous labor supply and distor-
tionary taxation along the lines of Erosa and Gervais (2002) and Iqbal and Turnovsky
(2008), add a climate-module structure as in Gerlagh and Liski (2018b), and allow for
climate change damages causing both utility and production losses, to derive optimal
fiscal and climate policies in: i) a first-best world; ii) when the government has no
access to individualized lump-sum taxes to finance an exogenous stream of govern-
ment spending (that is, a second-best setting), iii) when I impose some restrictions
on the second-best policy instruments available to the government (a third-best sce-
nario), and iv) when there is idiosyncratic labor income risk as in Krueger and Ludwig
(2018).

2.2.1 Firms

Following Howarth and Norgaard (1995), a representative firm employs a technology
that exhibits constant returns to scale to produce aggregate output Yt, which depends
on capital Kt, aggregate labor Lt, energy Et, and a climate change damage function
Ω f

t . This function depends on the stock of pollution Zt at a particular point in time
as a result of previous carbon emissions, and this affects output through changes in
global mean temperature with respect to the pre-industrial level.

As in Gerlagh and Liski (2018a,b), I assume that there is full capital depreciation,
and that temperature reacts to current emissions according to a response function, θi,
that depends on carbon cycle and temperature adjustment parameters. Let Ω f (Zt)
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denote the climate damage function and Zt = ∑∞
i=1 θiEt−i represent the history of

emissions weighted by the response function θi, respectively.12 Under these condi-
tions, I consider a general formulation as follows,

Ω f (Zt) = exp(−Zt) (2.1)

The production function Ft is strictly concave, twice continuously differentiable and
satisfies the usual Inada conditions:

Yt = Ft(Kt, Lt, Et, Zt) = Ω f (Zt)Kα
t [Ht(Et, Lt)]

1−α (2.2)

where α ∈ (0, 1) and the composite energy-labor input, Ht(Et, Lt), has constant re-
turns to scale along the lines of Iverson and Karp (2018) and Gerlagh and Liski (2018b).13

Taking Ω f (Zt) as exogenous, the firm’s problem is then as follows,

max
{Kt,Lt,Et}

Yt − wtLt − rtKt − τE
t Et (2.3)

The first-order conditions are given by:

rt = α
Yt

Kt
(2.4)

wt = (1− α)Yt
HL,t

Ht
(2.5)

τE
t = (1− α)Yt

HE,t

Ht
(2.6)

As usual, inputs are paid their marginal productivities. rt is the gross interest rate,
wt denotes the aggregate wage rate, and τE

t a carbon price. HL,t
Ht

and HE,t
Ht

stand for the
derivative of the composite energy-labor input with respect to labor and emissions,
respectively.14

2.2.2 Households

Each generation lives in only two periods. Time is discrete and runs to infinity.
Households supply labor in both periods. I assume there is no population growth,
and consider a constant population normalized to 1.15 Each household is endowed

12By the choice of units, I assume implicitly that energy use maps one to one with emissions.
13As in Gerlagh and Liski (2018b), notice that for tractability, I do not solve explicitly the interior prob-

lem of labor allocation across the final goods and energy sectors. The assumption of constant returns to
scale allows such simplification.

14It is important to note that since the firm does not fully internalize the social cost of emitting one
unit of carbon at period t, the emissions price τE

t has to be chosen (optimally) by the government in
order to correct this inefficiency, that is, without intervention τE

t = 0.
15Since I assume no population growth, notice that I do not consider other topics typical of overlap-

ping generations economies with climate modules such as demographic change (Gerlagh et al., 2017)
and political economy features (Karp and Rezai, 2014). In addition, I solve the model for the case of
population growth, demographic change, government debt, and endogenous government spending.
Results are available upon request. In particular, for a detailed analysis of the implications of public
debt in OLG economies with endogenous labor supply see, for example, Lopez-Garcia (2008).
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with one unit of time per period. The time-separable utility function Ut is strictly
increasing, strictly concave, twice continuously differentiable and satisfies the usual
Inada conditions. In period t, each household solves the following problem taking as
given the path for prices, fiscal policy and initial asset holdings, that I assume to be
zero since I do not consider any form of altruism,16

max
{C1,t,C2,t+1,L1,t,L2,t+1,Kt+1}

Wt ≡ U(C1,t, L1,t, Zt) + βU(C2,t+1, L2,t+1, Zt+1) (2.7)

subject to a sequence of budget constraints,

C1,t + Kt+1 = (1− τL
1,t)φ1wtL1,t + T1,t (2.8)

C2,t+1 = (1− τL
2,t+1)φ2wt+1L2,t+1 + (1− τK

t+1)rt+1Kt+1 + T2,t+1 (2.9)

where C1,t and C2,t+1 denote consumption at young and old age, respectively; β ∈
(0, 1) is the subjective utility discount factor; L1,t and L2,t+1 are the fractions of time
allocated to work in each period; φ1 and φ2 identify labor productivities at each age;
Kt+1 indicates savings in physical capital; T1,t and T2,t+1 are lump-sum transfers from
the government that, for the moment, I do not restrict being non-negative; wt and
wt+1 describe wage payments; rt+1 is the return to capital investments; households
pay labor and capital income taxes {τL

1,t, τL
2,t+1, τK

t+1}, accordingly.

Assumption 2.1. Households’ preferences over the state of climate, Ωh, which is a function
of the stock of pollution, Zt, are separable from consumption and leisure,

U(Ci,t, Li,t, Zt) ≡ U(Ci,t, Li,t)− ζiΩh(Zt), for i = 1, 2 (2.10)

The assumption that the climate affects utility in a separable form is made only
for tractability purposes. In what follows, for brevity, I assume that the households
do not derive disutility from climate change, ζi = 0. The full solution with utility
damages is contained in Appendix 2.A.10. As in Barrage (2020), it can be shown that
with distorting taxes, the utility damages coming from climate change are not fully
internalized, so that the optimal carbon price is below its Pigouvian level. House-
holds take the state of climate and prices as given. Hence, solving the household’s
problem yields the necessary and sufficient conditions for an optimum as long as an
interior solution exists,

UC1,t

UC2,t+1

= β(1− τK
t+1)rt+1 (2.11)

−
UL1,t

UC1,t

= (1− τL
1,t)φ1wt (2.12)

−
UL2,t+1

UC2,t+1

= (1− τL
2,t+1)φ2wt+1 (2.13)

16A general formulation of this household’s problem, with generations living more than two periods,
can be found in Erosa and Gervais (2002) and Garriga (2019).
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where UXi,t is the derivative of the utility function Ut with respect to Xi,t. Con-
dition (2.11) is the usual Euler equation which relates marginal rates of substitution
for consumption between two periods to the discounted after-tax returns on capi-
tal. Conditions (2.12-2.13) define intratemporal marginal rates of substitution over
consumption and labor relatively to after-tax labor income weighted by age-specific
productivities.

2.2.3 The government

To finance an exogenous stream of expenditures {Gt}∞
t=0 and transfers, the govern-

ment can impose linear and proportional taxes on labor and capital income, and set
an excise tax on carbon emissions τE

t along the lines of Barrage (2020). For tractability,
I assume full commitment. The government’s budget constraint is then,

Gt + T1,t + T2,t = τL
1,tφ1wtL1,t + τL

2,tφ2wtL2,t + τK
t rtKt + τE

t Et (2.14)

2.2.4 Competitive equilibrium

A competitive equilibrium for this economy can thus be defined as follows:

Definition 2.1. Given a set of policies {τL
1,t, τL

2,t+1, τK
t , τE

t , , T1,t, T2,t+1}∞
t=0, and an exoge-

nous stream of expenditures {Gt}∞
t=0, a competitive equilibrium consists of relative prices

{rt, wt}∞
t=0, allocations for the households {C1,t, C2,t+1, L1,t, L2,t+1, Kt+1}∞

t=0 and the firm
{Kt, Lt, Et}∞

t=0 such that,

1. Households maximize life-time utility (2.11-2.13),

2. Firms maximize profits (2.4-2.6),

3. The budget constraint for the government (2.14) is satisfied.

4. Market clearing conditions are satisfied,

C1,t + C2,t + Kt+1 + Gt = Yt (2.15)

Lt = φ1L1,t + φ2L2,t (2.16)

2.2.5 First-best allocations

In order to understand the implications of distortionary fiscal policy in the setting
of carbon prices, I begin by describing the set of first-best allocations when age-
dependent lump-sum taxes are available, that is, T1,t, T2,t+1 < 0, and the other taxes
are equal to zero, except the tax rate on carbon emissions. Thus, if there were not
other distortions in the economy, other than the climate externality, a benevolent gov-
ernment that has access to individualized lump-sum taxes for financing government
spending would seek to maximize a social welfare function, taking K0 as given, to
solve the following problem,
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max
{C1,t,C2,t+1,L1,t,L2,t+1,Kt+1,Et}∞

t=0

γ−1U0 + ∑∞
t=0 γtWt (2.17)

subject to the set of technological and resource constraints described above. Wt

is the utility function of generation t (see equation 2.7) and 1 > γ > 0 is the inter-
generational discount factor. For the case when welfare weights are chosen such that
the government does not redistribute income between generations see Gerlagh et al.
(2017).

It is worth mentioning that the choice of a social welfare function (SWF) in an OLG
framework is not trivial. I assume that the SWF is the discounted sum of individual
lifetime utilities as in Garriga (2019), Conesa et al. (2009), Ludwig and Reiter (2010),
and Erosa and Gervais (2002). Let γtµt denote the Lagrange multiplier associated to
the resource constraint (2.15). The first-best allocations can be then derived from the
optimality conditions which are given by,

UC1,t = µt (2.18)
β

γ
UC2,t+1 = µt+1 (2.19)

UL1,t = −µtφ1FLt (2.20)
β

γ
UL2,t+1 = −µt+1φ2FLt+1 (2.21)

1
FKt+1

= γ
µt+1

µt
(2.22)

∑∞
i=1 γi µt+i

µt

∂Yt+i

∂Ω f
t+i

−∂Ω f
t+i

∂Et︸ ︷︷ ︸
θiYt+i

= FEt (2.23)

where FXt is the derivative of the production function Ft with respect to Xt. This
problem is similar to the one described in Howarth and Norgaard (1995), and Howarth
(1998a). Here, I extend their framework by considering endogenous labor supply and
a distinct climate-module structure. The conditions (2.18-2.22) characterize consump-
tion and labor paths at young and old age when there are no distortionary taxes in the
economy. Equation (2.23) relates the marginal benefits of emitting one unit of CO2 at
period t (right-hand side) to the discounted marginal future damages (left-hand side).
Equation (2.22) deserves a special discussion. First, notice that different values for the
intergenerational discount factor (that is, the constant welfare weight for current and
future generations) imply a distinct set of efficient allocations. Second, the first-order
condition for capital in the social planner’s problem relates the welfare weights to the
market interest rate (the marginal productivity of capital).17 In this sense, as shown in
Ludwig and Reiter (2010), given that a certain set of policy instruments is available,

17For instance, in steady state, the real interest rate rss equals the inverse of the intergenerational
discount factor, 1/γ. This condition can be seen as a modified golden rule for accumulation of capital
when abstracting from productivity and population growth.
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by choosing a particular discount factor γ, the social planner can achieve a specific
competitive equilibrium allocation for capital (or even, if necessary, rule out any dy-
namic inefficiency).

Carbon policies

Before describing and discussing the results from the social planner’s problem un-
der a distortionary fiscal policy scheme, I provide two key definitions that take into
account the set of first-best allocations defined above,

Definition 2.2. The Pigouvian tax (the social costs of carbon) in this economy denotes the net
present value of marginal output losses due to one additional unit of CO2 emissions at period
t evaluated at the optimal allocation and valued at the successive generations’ marginal rates
of substitution for consumption,

τPIGOU
t = ∑∞

i=1 βi
i

∏
j=1

UC2,t+j

UC1,t+j−1

θiYt+i (2.24)

Definition 2.2 can be interpreted as the net present value of future marginal dam-
ages from climate change using the consumption discount rate and it is derived from
combining conditions (2.18-2.19) and (2.23).18 This discount rate reflects how each
generation values consumption between two consecutive periods. The definition fol-
lows closely the ones provided in Howarth and Norgaard (1995) for an OLG model
and Barrage (2020) for an infinitely-lived representative agent framework. Likewise,
by using conditions (2.22) and (2.23), I can define the market costs of carbon as fol-
lows,

Definition 2.3. The market costs of carbon emissions in this economy is defined as the net
present value of future marginal damages evaluated at the market interest rate:

MCCt = ∑∞
i=1

1

∏i
j=1 rt+j

θiYt+i (2.25)

Notice that while the Pigouvian tax (2.24) values the net present value of marginal
climate damages using the marginal rates of substitution between consumption today
and tomorrow of successive generations that live in only two periods, the market
costs of carbon discount future damages using the market interest rate. It is well
known that in a economy with no distortions, optimality implies that the marginal
rate of substitution for consumption between two periods equals the real interest rate
(the marginal rate of transformation), thus,

18I call this expression the Pigouvian tax just for being able to compare it with previous studies. In
a strict sense, the optimal carbon price should reflect the preferences of the social planner as given
by the expression, (2.23). Indeed, I show below that the market costs of carbon reflect the true costs
of carbon emissions. Of course, in a first-best world, all these expressions are equal and can be used
interchangeably.
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Proposition 2.1. In a first-best world the optimal carbon price equals both the Pigouvian tax
and the market costs of carbon,

τE
t = τPIGOU

t = MCCt (2.26)

Proof. Using the first-order conditions (2.18-2.19) and (2.22-2.23), and according to the
previous definitions, we get the result.

The result pointed out in Proposition 2.1 resembles the analysis in Howarth (1998a)
indicating that the Pigouvian tax (the social costs of carbon) corresponds one to one
to the market costs of carbon. As may be expected, without additional distortions, the
optimal carbon price that maximizes welfare is precisely the Pigouvian tax since the
consumption discount rate equals the market discount rate. The next section, how-
ever, describes under which conditions, in terms of tax interaction effects, the optimal
carbon price may differ from its Pigouvian level.

2.3 Optimal taxation in a second-best world

This section characterizes optimal policies and provide simple formulae for optimal
taxes in terms of social marginal utilities, elasticities of substitution, marginal cost of
public funds, so that policies can be described through specific wedges. Under the
impossibility of lump-sum taxation, a social planner must now establish optimal tax
rates for the other policy instruments available, e.g., labor, capital, and carbon taxes,
by minimizing the costs of taxation. To begin with, below I solve for the second-best
policy in a general setting. The main result is that the optimal carbon tax in an econ-
omy with distortionary taxation equals the market costs of carbon, but does not al-
ways attain its Pigouvian level (the social costs of carbon). In Section 2.4, I discuss the
policy role of preferences and the availability of taxes that may vary with age. I find
that separability in preferences over consumption and leisure, and age-dependent
taxation, yield carbon prices equal to the social costs of carbon. Naturally, the gov-
ernment always finds it optimal to avoid intertemporal distortions. A zero capital
tax rate and a Pigouvian tax on carbon emissions are then optimal. The analysis of
policies under idiosyncratic labor income risk is presented in Section 2.5.19

In order to determine the path of optimal taxes I follow the Ramsey approach to
optimal taxation, i.e. the so-called primal approach as in Lucas and Stokey (1983)
and Erosa and Gervais (2002).20 Thus, instead of solving for tax rates directly, I char-
acterize optimal allocations which are compatible with a competitive equilibrium. I
then derive prices and taxes that implement such allocations given the constraints

19Appendix 2.A.11 looks at the case where climate policy is not available. In a nutshell, I provide a
rationale for positive capital income taxes, as these can help the government to move the economy to its
efficient level. Appendix 2.A.13 derives the optimal formula for the carbon price under the constraint
that the government cannot implement capital taxes. As a result, the carbon price differs from both the
market and the social costs of carbon.

20Similar results are derived in Erosa and Gervais (2001), Garriga (2001), Iqbal and Turnovsky (2008)
and Conesa et al. (2009).
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imposed on the social planner’s problem. The following lemma allows me to apply
this approach,

Lemma 2.1. Any competitive equilibrium which is a set of allocations for the firm {Kt, Lt, Et}∞
t=0

and the household {C1,t, C2,t+1, L1,t, L2,t+1, Kt+1}∞
t=0, supported by a particular set of policies

{τL
1,t, τL

2,t+1, τK
t , τE

t }∞
t=0, and an exogenous stream of expenditures {Gt}∞

t=0, satisfy,

C1,t + C2,t + Kt+1 + Gt = Yt (2.27)

Lt = φ1L1,t + φ2L2,t (2.28)

UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1 = 0 (2.29)

UC2,0 C2,0 + UL2,0 L2,0 = UC2,0(1− τK
0 )FK0 K0 (2.30)

Any allocation that satisfies (2.27)-(2.30), can be decentralized as a competitive equilibrium
for a particular set of policies, prices, and asset holdings.

Proof. In appendix 2.A.1.

The primal approach allows us to reduce the number of variables and equations
needed to solve for optimal allocations, and then decentralize them in a transparent
manner. For example, notice that by replacing out prices and taxes in the budget
constraint for the households using their first-order conditions, we can get the imple-
mentability conditions (2.29).21 This step assures that if condition (2.29) is satisfied,
the same allocations also solve (2.11-2.13). Equations (2.27) and (2.28) are equivalent
to the first two constraints that come from the market clearing conditions in definition
2.1. Finally, using the first-order conditions for both the household and the firm I can
solve for prices and taxes.

Lemma 2.1 defines the set of constraints that the government faces in order to
maximize social welfare, (2.17), in a second-best scenario when lump-sum taxation
is unavailable. Hence, let γtµt and γtλt denote the Lagrange multipliers associated
with the following constraints: (i) the resource constraint (2.27), and (ii) the imple-
mentability condition (2.29).22 Notice that I substitute the constraint associated to the
labor market, (2.28), into the production function in the feasibility constraint, (2.27).

It is well known that distortionary taxation may affect the first-best margins of
consumption and labor allocation, (2.18)-(2.21), because people respond to changes
in taxes by adjusting their consumption and labor supply profiles over the life cycle.
As in the public finance literature, one may then use the so-called marginal cost of
public funds (MCF) to characterize these distortions. Typically, it measures the costs
of transferring a marginal unit of private consumption to the government and it is
calculated as the ratio between the government marginal utility of consumption and
the households’ marginal utility of consumption.

21The same argument applies for the implementability condition for the initial old, (2.30).
22As usual in the Ramsey tradition, I assume that the initial old generation welfare is given for a set of

capital and labor income taxes, {τK
0 , τL

2,0}, so that government cannot affect welfare of this generation.
It turns out that condition (2.30) is not needed to solve the problem for generations born in t ≥ 0.
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Nonetheless, since our economy features heterogeneous agents (young and older
people) and endogenous labor supply for both generations, the standard approach is
not sufficient to characterize the solution to the planner’s problem. Hence, it is neces-
sary to distinguish these distortions over four distinct margins, that is, consumption
and labor for both young and older people. Let ΛX1,t and ΛX2,t+1 , for X = {C, L} and
i = {1, 2}, denote the marginal cost of public funds (MCF) associated to each margin.
The first-order conditions for consumption and labor supply at each age that specify
the solution to the second-best problem, are thus given by,

UC1,t ·Λ
C1,t = µt (2.31)

β

γ
UC2,t+1 ·Λ

C2,t+1 = µt+1 (2.32)

UL1,t ·ΛL1,t = −µtφ1FLt (2.33)
β

γ
UL2,t+1 ·ΛL2,t+1 = −µt+1φ2FLt+1 (2.34)

Note that the first-order conditions for capital and energy are the same as in the first-
best scenario, (2.22)-(2.23). Using optimality conditions, (2.31)-(2.34), one can derive
the usual Euler equation and the respective intratemporal conditions that specify the
trade-off over consumption and leisure at each age.

Therefore, following the idea that the marginal cost of public funds can be defined
as the welfare costs associated with raising an additional unit of fiscal revenues, I
provide expressions for such costs in the different margins as follows,

Lemma 2.2. For X = {C, L} and i = {1, 2}, let ΛX1,t and ΛX2,t+1 denote the marginal cost
of public funds (MCF), then, the associated costs of transferring a marginal unit of private
consumption at each age to the government are,

ΛX1,t = 1 + λt

(
1 + ΘXi,t

)
(2.35)

ΛX2,t+1 = 1 + λt

(
1 + ΘXi,t+1

)
(2.36)

where, in the spirit of Atkeson et al. (1999), Erosa and Gervais (2002) and Iqbal and Turnovsky
(2008), ΘCi,t , ΘLi,t stand for the general equilibrium elasticities, which account for interactions
between consumption-labor marginal utilities and help us to measure how consumption and
leisure should be adjusted in response to changes in either consumption or leisure such that
the budget constraint of the households is satisfied, and are given by,

ΘCi,t =
Ci,tUCi,tCi,t

UCi,t

+
Li,tULi,tCi,t

UCi,t

(2.37)

ΘLi,t =
Li,tULi,t Li,t

ULi,t

+
Ci,tUCi,t Li,t

ULi,t

(2.38)

Proof. See Appendix 2.A.2
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Firstly, to further understand the meaning of these general equilibrium elastici-
ties, for instance, note that ΘCi,t hinges on two different terms. The first term mea-
sures the elasticity of marginal utility of consumption with respect to consumption.
Under standard assumptions on preferences, this term is always negative, as long as
UCi,tCi,t < 0, so that the marginal utility of consumption decreases with consumption.
The second term denotes the elasticity of marginal disutility of labor with respect to
consumption. The sign of this term depends on the assumption about the comple-
mentarity between consumption and leisure. For example, if there is complemen-
tarity, this elasticity is negative. Below, using specific functional forms for utility, I
discuss in detail the role of preferences, and the assumptions about separability over
consumption and leisure, for optimal climate and fiscal policy given a particular set
of tax instruments.

Secondly, recall that in the case of lump-sum taxation, it turns out that the marginal
cost of public funds is one (Barrage, 2020; Jacobs and de Mooij, 2015) because con-
sumption and labor supply margins are not affected. Notice that in the case in which
the implementability condition (2.29) is not binding, so that the government has in-
deed access to lump-sum taxes, the Lagrange multiplier associated with that con-
straint, λt, is zero. Once the government relies on distortionary taxes, however, the
marginal cost of public funds is larger than one as long as λt(1 + ΘXi,t) > 0.

Finally, from equation, (2.23), we know that the optimal carbon tax in period t >
0 that decentralizes the optimal allocation under distortionary taxation is implicitly
defined as follows,

τE
t = ∑∞

i=1 γi µt+i

µt
θiYt+i (2.39)

Nonetheless, from equations (2.31)-(2.34), once the government has to rely on dis-
tortionary taxation, since the marginal cost of public funds is no longer equal to one,
this creates a wedge between the marginal rate of substitution for consumption and
the marginal rate of transformation i.e., the return on physical capital investment.

2.3.1 Optimal taxes

In order to describe the implications of these distortions on the setting of optimal
climate and fiscal policy, along the lines of Kapicka and Neira (2019) and Chari et al.
(2007), I define wedges in terms of the marginal cost of public funds for consumption
and labor previously defined as follows,

Definition 2.4. The consumption-savings wedge, ΞC
t , and the labor supply wedge, ΞL

t , reflect
the intertemporal welfare costs from using distortionary taxes, and can be represented by the
ratio between the marginal cost of public funds in period t + 1 and t,

ΞC
t =

ΛC2,t+1

ΛC1,t
(2.40)

ΞL
t =

ΛL2,t+1

ΛL1,t
(2.41)
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From the perspective of the generation born at period t, optimal choices for con-
sumption and labor supply in both periods depend on how these decisions are af-
fected by the climate and fiscal policy in place. Therefore, in order to decentralize the
second-best allocations, the government must thus choose prices and taxes that sup-
port such allocation. Here, I use the definitions described above to derive formulae
for optimal taxes.

Lemma 2.3. The optimal carbon tax in an economy with distortionary fiscal policy equals the
market costs of carbon,

τE
t = MCCt (2.42)

but does not attain its Pigouvian level

τE
t = ∑∞

i=1 βi
i

∏
j=1

UC2,t+j

UC1,t+j−1

ΞC
t+j−1θiYt+i 6= τPIGOU

t (2.43)

as long as ΞC
t 6= 1.

Proof. To get the first result, equation (2.42), replace the first-order condition for cap-
ital from the social planner’s problem, (2.22), into (2.23). The second result, equation
(2.43), follows from conditions (2.31-2.32) and (2.23).

Lemma 2.3 provides the basic characterization for the setting of optimal carbon
prices in a second-best world. In general, the optimal carbon tax in an economy with
distortionary fiscal policy equals the market costs of carbon, but does not always
attain its Pigouvian level unless I provide certain conditions so that the consumption-
savings wedge is one: for instance, the requirements for the marginal cost of funds to
be constant over time. In Section 2.4, I show that under particular functional forms
for utility, one can obtain neat analytical results for policies. In addition, under this
fiscal structure, optimal income taxes can also be derived as functions of wedges,

Lemma 2.4. The optimal capital and labor income taxes in an economy with distortionary
fiscal policy are given by,

τK
t+1 = 1− ΞC

t (2.44)

1− τL
2,t+1

1− τL
1,t

=
ΞC

t

ΞL
t

(2.45)

Proof. Using the primal approach, see Lemma 2.1, by combining the FOC’s for the
social planner (2.31)-(2.32) and for the households (2.11), the optimal capital income
tax is yielded (2.44). In addition, from (2.31-2.34) and (2.12-2.13), we can get the path
for labor income taxes, (2.45).

Taking together Lemma 2.3 and Lemma 2.4, it turns out that if ΞC
t = 1, then from

(2.44) the optimal capital income tax is zero, and using (2.43) the optimal carbon tax
attains its Pigouvian level, without imposing any restrictions on the path of labor in-
come taxes. Notice that specific age-dependent labor income taxes can also be defined
as,
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Corollary 2.1. For i = {1, 2}, in a second-best fiscal policy age-dependent taxes are given
by,

τL
i,t = 1− ΛCi,t

ΛLi,t
(2.46)

The following proposition points out the conditions, in terms of wedges, under
which optimal carbon prices would differ from the Pigouvian level and the setting of
other taxes in the economy.

Proposition 2.2. In a second-best fiscal policy,

1. The optimal carbon tax always equals the market costs of carbon, (2.42); however, it is
below (above) its Pigouvian level, (2.43), if the consumption-savings wedge, (2.40), is
below (above) one.

2. The optimal capital tax, (2.44), is positive (negative) if the consumption-savings wedge,
(2.40), is below (above) one.

3. The labor income taxes, (2.45), decrease over the life-cycle, τL
t > τL

t+1, if the consumption-
savings wedge, (2.40), is greater than the labor supply wedge, (2.41).

Proof. The results follow directly from Lemma 2.3 and Lemma 2.4.

From proposition 2.2, a noteworthy implication is that the government always
finds it optimal to discount future marginal damages using the before-tax rate on
capital returns and tax carbon emissions below (or above) its Pigouvian rate relative
to the consumption-savings wedge, ΞC

t . The government would like to avoid in-
tertemporal distortions. So using the same discount rate to evaluate future marginal
damages from current carbon emissions, and investment in capital, is optimal. This
link between climate and capital investments is also presented in Barrage (2020). It
even goes back to the claim, as laid out in Nordhaus (2008), that climate investments
should earn the same net return as other alternative investments, i.e., in physical cap-
ital. Once the capital income tax rate moves away from zero, however, it is optimal
to adjust the carbon price relative to the Pigouvian tax (the social costs of carbon) in
order to take into account that distortion in consumption–savings decisions.23

The results presented in numerals 2 and 3 confirm previous findings. For instance,
Conesa et al. (2009) and Erosa and Gervais (2002) find that under certain assumptions
on preferences and policy instruments available to the government, the optimal cap-
ital income tax rate could be different from zero even in steady state. In terms of this
paper, this would imply a consumption-savings wedge distinct from one.

It is important to note that so far I have assumed that the government has access
to a full set of income taxes i.e., capital and age-dependent taxes and no constraints
on households’ preferences. That is, the second-best problem is not restricted. In par-
ticular, I show below that if we extend or restrict the set of tax instruments available

23In infinitely-lived representative agents models, the optimal capital tax rate is generally zero, so that
the distinction between the market costs of carbon and the Pigouvian tax (the social costs of carbon) is
unnecessary because they indeed coincide in equilibrium (Barrage, 2020).
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to the government, different capital income tax policies could be optimal, conditional
to the assumptions on separability in preferences over consumption and leisure. With
this is mind, and to put more structure on the model, in the next section I also pro-
ceed to use separable and non-separable preferences, as in Conesa et al. (2009), so as
to draw out some implications in terms of tax instruments and preferences modeling
for the setting of carbon policies and other taxes in general.

2.4 Age-dependent labor income taxes

Previous literature has pointed out that the existence of individual-specific taxation
could generate welfare gains in the implementation of fiscal policies in the presence of
consumption externalities (Jacobs and de Mooij, 2015; Kaplow, 2012). As mentioned
in the introduction, recent research has also indicated that age-dependent labor in-
come taxation in economies with heterogeneous agents, e.g, in terms of abilities, could
reduce the costs associated with distortionary fiscal policy (Da Costa and Santos,
2018; Bastani et al., 2013; Gervais, 2012; Weinzierl, 2011; Blomquist and Micheletto,
2008). In order to understand the role of age-dependent labor income taxes in the
setting of optimal climate and fiscal policy when there are production externalities,
as special cases, I first consider a policy with age-dependent taxation under different
assumptions about separability and non-separability in preferences on consumption
and leisure. Then, I provide additional general results for how the set of optimal tax
rates changes when I assume a constrained government that cannot enact differential
labor income taxes.24

2.4.1 Age-dependent taxes

In this subsection, I describe under which conditions the optimal capital tax is zero
and the optimal carbon price can attain its Pigouvian level using different preference
specifications. It has been shown that the assumption about complementarity be-
tween consumption and leisure has important implications for the setting of optimal
income taxes, since those interactions constrain how the government can reduce the
distortions in the economy when individualized lump-sum taxation is not possible
(see e.g., Conesa et al. (2009), Erosa and Gervais (2002)).

Separable preferences

One of the main implications of using separable preferences over consumption and
leisure is that there are not complementary effects, UC1,t,L1,t = UC2,t+1,L2,t+1 = 0. For in-
stance, suppose that the households’ preferences can be represented by the following

24A general discussion of the implications of age-dependent taxation can be found in Woodland
(2016).
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utility function as in Conesa et al. (2009),

U(Ct, Lt) =
C1−σ1

t − 1
1− σ1

+ χ
(1− Lt)1−σ2

1− σ2
(2.47)

where σ1 and σ2 denote consumption and labor supply elasticities, respectively;
and χ measures the distaste for work with respect to consumption. Under this as-
sumption, as a special case for Proposition 2.2, it follows,

Proposition 2.3. If the government has access to age-dependent labor income taxes, and
the households have preferences over consumption and leisure which can be represented by a
utility function defined as in (2.47), then in a second-best world,

1. The optimal carbon tax equals the market costs of carbon, (2.42), and attains its Pigou-
vian level, (2.43).

2. The optimal capital tax, (2.44), is zero.

3. If L1,t > L2,t+1, then τL
1,t > τL

2,t+1.

Proof. In appendix 2.A.3.

By using a utility function which is separable in consumption and leisure, the tax
rate on capital income is zero and the carbon tax fully internalizes climate damages
from carbon emissions that affect output. This result is equivalent to the one in Bar-
rage (2020), in an infinitely-lived agent model, when climate change only affects pro-
duction.25 The intuition for these findings is straightforward. Non-complementarity
between consumption and leisure reduces the costs of implementing the second-best
fiscal policy. In this case the consumption-savings wedge, ΞC

t , is constant over time
and labor taxes do not affect other marginal decisions. Besides, since the government
has access to a full set of age-dependent labor income taxes, it is optimal to avoid
the distortions in intertemporal consumption-savings decisions. Thus, considering
that a zero optimal capital income tax rate does not affect the relative prices between
consumption at period t and consumption at period t + 1, the marginal rate of substi-
tution equals the marginal rate of transformation, and as a consequence the optimal
carbon tax (the market costs of carbon) is set at the Pigouvian rate.

Intuitively, that the labor income taxes decrease over the life cycle can be explained
by the response of labor supply to changes in the wage rate, i.e., the Frisch elasticity of
labor supply which is given by the inverse of ΘLi,t in equation (2.A.12). Note that this
elasticity depends on both the inverse of elasticity of marginal utility of leisure, σ2,
and hours worked, Li,t for i ∈ {1, 2}. From the optimality conditions for the house-
holds, (2.11)-(2.13), it is easy to check that the labor supply profile over the life cycle is

25Barrage (2020) also shows that this result holds using non-separable preferences. In an OLG frame-
work, however, it is not valid since young and old households have different consumption and labor
supply profiles, and that complementarity creates a motive for the government to implement capital in-
come taxes since leisure cannot be directly taxed (see e.g., Erosa and Gervais (2001), Erosa and Gervais
(2002), Corlett and Hague (1954)).
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a function of income taxes, prices, the discount factor, and labor productivities. Thus,
young and older people may supply different amounts of labor. As a consequence,
the Frisch elasticity would vary with age even if young and old people have the same
preferences. As in Peterman (2013), one can then argue that if labor supply for the old
is more elastic than the labor supply for the young, the government would prefer to
tax the latter at a higher rate.

A constant Frisch elasticity

Above, I study optimal policies for the case in which preferences are separable over
consumption and leisure, and thus a Frisch elasticity of labor supply that varies with
hours worked. But what would happen if one considers preferences that are separa-
ble over consumption and labor? That is, preferences that feature a constant Frisch
elasticity, i.e., the utility function is homothetic in both consumption and labor, so
there is no wealth effects. Assume, for instance, that preferences now are given by,

U(Ct, Lt) = log Ct − ϕ
L1+η

t
1 + η

(2.48)

where ϕ denotes the disutility from working and 1/η is the constant Frisch elasticity
of labor supply. Then, it turns out the capital income tax equals zero, the optimal car-
bon price attains its Pigouvian level and, even if age-dependent taxation is available,
the government would like to tax the labor income of both young and old people at
the same rate.

Proposition 2.4. If the government has access to age-dependent labor income taxes, and the
households have preferences which are homothetic in both consumption and labor (a constant
Frisch elasticity) as defined in (2.48), then in a second-best world,

1. The optimal carbon tax equals the market costs of carbon, (2.42), and attains its Pigou-
vian level, (2.43).

2. The optimal capital tax, (2.44), is zero.

3. Age-dependent labor income taxes are equalized over the life cycle, τL
1,t = τL

2,t+1.

Proof. In appendix 2.A.4.

Non-separable preferences

Here, I assume that preferences are represented by the following Cobb-Douglas utility
function which is not separable in consumption and leisure as in Conesa et al. (2009),

U(Ct, Lt) =

(
Cξ

t (1− Lt)1−ξ
)1−σ

1− σ
(2.49)

where ξ measures the degree of substitutability between consumption and leisure
and 1/σ denotes the intertemporal elasticity of substitution. Notice that in this case,



24 Optimal Climate and Fiscal Policy with Heterogeneous Agents

the previous non-complementarity vanishes, UC1,t,L1,t , UC2,t+1,L2,t+1 6= 0. Labor income
taxes now affect both labor supply and consumption decisions. Under this specifica-
tion, as a special case for Proposition 2.2, I arrive at the following,

Proposition 2.5. If the government has access to age-dependent labor income taxes, and the
households have preferences over consumption and leisure which can be represented by the
usual Cobb-Douglas utility function (2.49), then in a second-best world,

1. The optimal carbon tax equals the market costs of carbon, (2.42), however, it is below
(above) its Pigouvian level, (2.43), as long as the labor supply is decreasing (increasing)
over the life-cycle

2. The optimal capital tax, (2.44), is positive (negative) as long as the labor supply is
decreasing (increasing) over the life-cycle.

3. τL
1,t > τL

2,t+1, as long as L1,t > L2,t+1 and the inverse of the intertemporal elasticity of
substitution, σ < 1+λt

λt
.

Proof. In appendix 2.A.5.

The non-separability of consumption and leisure creates new interactions between
the optimal allocation of consumption and labor supply over time. Therefore, it also
affects the allocation of leisure. In this case, since labor income taxes distort both
consumption and leisure optimal paths, and leisure cannot be taxed directly, the gov-
ernment finds it optimal to set a non-zero capital income tax (Erosa and Gervais,
2002). Assuming that consumption and leisure are complements (moving together
in the same direction as people get older, this policy offsets the changes in demand
for leisure by making future consumption more expensive (Corlett and Hague, 1954).
That is, the allocation of labor over the life-cycle will determine the sign of the capital
income tax rate.

It is important to note that my setting extends the results in Barrage (2020). Since
in infinitely-lived representative agent models it is optimal to set a zero capital in-
come tax, here I can derive the implications for the optimal price on carbon emissions
when non-zero capital income taxes are optimal as well. It turns out that due to non-
separability in preferences and heterogeneity in the age of households, it is possible
to get positive (or negative) tax rates on capital returns as an optimal fiscal policy.
Thus, I find that again, as in Proposition 2.2, the optimal carbon tax equals the market
costs of carbon, although it differs from the Pigouvian level. Intuitively, even with
a non-zero capital income tax, the government finds it optimal to use the before-tax
rate on capital returns to evaluate climate mitigation investments as before, because
this rate measures the true opportunity cost of increasing aggregate capital today in
order to increase future consumption by means of a better climate.

2.4.2 Age-independent taxes

In the previous section, in terms of preferences modeling I consider special cases that
complement and change the results pointed to in Proposition 2.2. Here, I assume that
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the government has no access to age-dependent labor income taxes along the lines of
Conesa et al. (2009), that is, τL

1,t = τL
2,t = τL

t . In this case, notice that the government
loses one degree of freedom in the set of policy instruments it can use to finance its
stream of expenditures. Bearing that in mind, an additional constraint has to be added
to the government’s problem described using the primal approach (see Lemma 2.1).

φ2UL1,tUC2,t − φ1UL2,tUC1,t = 0 (2.50)

As shown in Erosa and Gervais (2002) and Conesa et al. (2009), this restriction
generates a robust role for capital income taxes as they can help the government to
tax individuals at different rates without condition on age. To see why this is the
case, note that from the first-order conditions for the households, and using equations
(2.11)-(2.13), it follows that,

UL1,t

UL2,t

=

(
1− τL

1,t

1− τL
2,t

)
β(1− τK

t )rt+1
φ1

φ2
(2.51)

Given that under age-independent labor income taxes, τL
1,t = τL

2,t = τL, capital
taxes can be used to generate (to mimic) the same wedge as in the situation with age-
dependent taxation (see e.g., Conesa et al. (2009), Gervais (2012) for more details). In
order to see how the main results change when I introduce this constraint, let γtψt

denote the Lagrange multiplier associated with the labor-income taxation constraint
(2.50). Solving the constrained social planner’s problem yields the same set of the
optimality conditions as described in (2.31)-(2.34). Nonetheless, in a third-best world,
bearing in mind the additional constraint in the set of policy instruments, the expres-
sion for the marginal cost of public funds should be adjusted as follows,

Lemma 2.5. For X = {C, L} and i = {1, 2}, let ΛXi,t be the marginal cost of public funds
(MCF), then,

ΛX1,t = 1 + λt

(
1 + ΘX1,t

)
+ ψt

[
φ2UL1,tX1,tUC2,t − φ1UL2,tUC1,tX1,t

UX1,t

]
(2.52)

ΛX2,t+1 = 1 + λt

(
1 + ΘX2,t+1

)
+

γψt+1

β

[
φ2UL1,t+1UC2,t+1X2,t+1 − φ1UL2,t+1X2,t+1UC1,t+1

UX2,t+1

]
(2.53)

Proof. See Appendix 2.A.6

Notice that the non-availability of individualized labor income taxes implies a
marginal cost of public funds in the implementation of a distortionary fiscal policy
that now depends on additional terms relative to the expressions described in Lemma
2.2. It is worth mentioning that as before the conditions for capital and energy use are
given by (2.22) and (2.23), respectively, so I also do not include them here.

As previously discussed, I can derive optimal tax rates using the consumption-
savings and labor supply wedges, by also noting that the sign of these expressions
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depends on the class of utility functions assumed. The main result is that, even if
preferences are separable over consumption and leisure or they feature a constant
Frisch elasticity of labor supply, the optimal capital tax rate is going to be different
from zero. It turns out that the optimal carbon price should be set at a distinct rate
from the Pigouvian level.

Proposition 2.6. Given the new expressions for the marginal cost of public funds as described
in Lemma 2.5, in a third-best fiscal policy,

1. The optimal carbon tax always equals the market costs of carbon, (2.42), however,
it is below (above) its Pigouvian level, (2.43), if the modified consumption–savings
wedge,(2.40), is below (above) one.

2. The optimal capital tax, (2.44), is positive (negative) if the modified consumption–
savings wedge, (2.40), is below (above) one.

3. The labor income taxes decrease over the life-cycle, τL
t > τL

t+1, if the modified consumption–
savings wedge, (2.40), is greater than the modified labor wedge, (2.41).

Proof. The results follow directly from Lemma 2.3 and Lemma 2.4, but now tak-
ing into account the modified version for both the consumption-savings and labor
wedges.

Proposition 2.6 implies that the main results derived in Proposition 2.2 still hold.
However, they are now more general in the sense that allow us to determine how the
reduction in the set of policy instruments alters the second-best optimal fiscal policy.
In the context of optimal environmental policies, it is also easy to check that again the
optimal carbon price equals the market costs of carbon, since the marginal productiv-
ity of capital does not change under an age-independent taxation fiscal structure.

2.5 Idiosyncratic risk and incomplete markets

The main results above indicate that the preferences and policy instruments avail-
able to the government play an important role in setting both climate and fiscal poli-
cies. Separability in preferences and age-dependent taxation in general lead to carbon
prices at the Pigouvian rate. In particular, the government always finds it optimal to
avoid intertemporal distortions and to finance expenditures by relying only on labor
income taxes. At least in a second-best world, that optimal policy features a capi-
tal income tax rate of zero and Pigouvian taxes for tackling pollution externalities.
It means that even with distorting labor decisions, optimal climate policy in general
uses the market costs of carbon (and it equals the social costs of carbon).

Previously, I discuss climate and fiscal policy for an economy in which agents are
heterogeneous in terms of age, labor productivity and source of income. In addition
to that analysis, this section also considers the case in which households face idiosyn-
cratic labor income risk when they are old. However, in order to make the model
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tractable, as in Krueger and Ludwig (2018) and Harenberg and Ludwig (2015), I as-
sume that people supply labor inelastically in both periods. In this economy, the gov-
ernment would like to provide social insurance to people facing labor income risk by
means of transfers. Notice that, for simplicity, I also assume that the government does
not have additional public spending requirements and it only has access to capital in-
come taxes.26 Given that people respond to risk by increasing their precautionary
savings when they are young, there is over-accumulation of capital. This creates an
incentive for the government to implement capital income taxes to avoid the aggre-
gate capital becoming too high, and to use such fiscal revenues for risk-sharing. The
aim is then to compare first-best allocations with second-best allocations (the Ramsey
problem), and their respective optimal policies.

By using logarithmic utility as in Golosov et al. (2014), I can also solve for climate
policies in closed form. Below, I show that both climate and fiscal policy depend on
the optimal saving rate which is a function of risk and capital income taxes. In the
first-best, when the government can provide full insurance to the households, the
saving rate is constant, capital income taxes are zero and the optimal carbon price
equals the market costs of carbon and the Pigouvian tax (the social costs of carbon)
as before. I derive an analytical formula for the carbon price which is proportional
to output, and depends on the intergenerational discount factor, and carbon cycle
and temperature adjustment parameters, similar in spirit to the ones in Iverson and
Karp (2018), Gerlagh and Liski (2018b,a), and Golosov et al. (2014). In the second-
best, the saving rate is also constant but increases with risk and the intergenerational
and private discount factor, and decreases with capital income taxes. I show that the
optimal carbon price is again proportional to output, but it now depends on both the
intergenerational and private discount factor, productivity and the labor share.

2.5.1 Firms

The representative firm uses a Cobb-Douglas technology and profit maximization
yields the same first-order conditions for capital, labor and energy as before. Again,
production leads to CO2 emissions that accumulate in the atmosphere, change the
climate and reduce future output, and these costs are not internalized by the firm.

2.5.2 Government

In line with previous sections, the government has two main goals in this economy.
First, due to idiosyncratic labor income risk in the second period, households have the
incentive to increase precautionary savings but fail to internalize the general equilib-
rium effects on prices of such decisions. The government can then use capital taxes
to move the economy closer to the first best. As in Krueger and Ludwig (2018), it
is assumed that the government uses the revenues from capital taxation to finance

26In this economy, since labor supply is inelastic, labor income taxes are equivalent to allowing for
lump-sum taxation so I ruled them out.
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spending, that in this case is to make transfers to the same generation, so that distri-
bution of resources across generations is also ruled out and government debt is zero.

TK
2,t = τK

t rtKt (2.54)

Second, CO2 emissions generate a climate externality in the economy by reducing
future output. As an available instrument, the government can levy an excise tax
on energy use to internalize the associated future marginal economic costs. Since
the government is constrained in the way it distributes resources across generations,
it is also assumed that all tax revenues coming from carbon taxation are rebated to
households as lump-sum transfers period-by-period as in Gerlagh et al. (2017). Oth-
erwise, the government could use these revenues to provide additional insurance to
old people facing labor income shocks.27 Here, since older people also supply labor,
the revenues are allocated bearing in mind age-specific productivity levels.

τE
t Et = φ1TE

1,t + φ2TE
2,t (2.55)

2.5.3 Household’s problem

The structure of the household’s problem is quite similar to the one presented as
benchmark. Here, as before, I assume a stationary population. Labor supply is in-
elastic and only depends upon productivity levels for young and older people. Along
the lines of Krueger and Ludwig (2018) and Hiraguchi and Shibata (2015), I allow for
uninsurable idiosyncratic productivity shocks, χt+1, at old-age, which are indepen-
dently and identically distributed across agents. By the law of large numbers, let
Ψ(χt+1) be the cumulative distribution function, and ψ(χt+1) the probability density
function. Assume also

∫
χdΨ = 1 almost-surely.

Assumption 2.2. Assume that labor productivity when young, relative to old-age produc-
tivity, can be written as follows,

φ1 = 1− φ2 (2.56)

By using the fact the people supply inelastically one unit of labor, I can define
labor productivity at young-age relative to that at old age, as defined in the previous
assumption, so that total labor supply is normalized to one, and as shown below,
individual savings equal the capital-labor ratio. The effective labor supply is now
given by,

Lt = 1− φ2 + φ2

∫
χdΨ = 1 (2.57)

In order to obtain a closed-form solution for both the savings rate and the optimal
carbon prices, I follow tradition, e.g, Golosov et al. (2014), van den Bijgaart et al.
(2016), Gerlagh and Liski (2018a,b), Iverson and Karp (2018), and let preferences be

27I do not consider the implications of this channel on optimal policies, but it is an interesting area for
future research.
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represented by,

Wt ≡ log C1,t + β
∫

log C2,t+1(χt+1)dΨ(χ) (2.58)

The sequence of budget constraints are,

C1,t + Kt+1 = (1− φ2)(wt + TE
1,t) (2.59)

C2,t+1 = φ2χt+1(wt+1 + TE
2,t+1) + (1− τK

t+1)rt+1Kt+1 + TK
2,t+1 (2.60)

where all the variables are defined as before, except that now, non-capital income is
the sum of wages, {wt, wt+1}, and lump-sum transfers to households coming from cli-
mate policy revenues,

{
TE

1,t, TE
2,t+1

}
, respectively. Note that TK

2,t+1 denotes lump-sum
transfers to the old households coming from capital income taxation as in Krueger
and Ludwig (2018). Since there is no labor choice, by solving this problem for capital
holdings after replacing the budget constraints into the utility function, the first-order
condition yields the modified but still standard Euler equation,

UC1,t = β(1− τK
t+1)rt+1E[UC2,t+1 ] (2.61)

It is easy to check that without idiosyncratic labor income risk, this condition boils
down to equation (2.11). Using the assumption of logarithmic preferences over con-
sumption, the Euler equation is,

1 = β(1− τK
t+1)

∫ ( rt+1C1,t

C2,t+1(χt+1)

)
dΨ(χt+1) (2.62)

2.5.4 Equilibrium

Under this new model structure, a competitive equilibrium for this economy can be
rewritten as follows,

Definition 2.5. Given a set of policies {τK
t , τE

t }∞
t=0, initial capital holdings K0, a competitive

equilibrium in this economy consists of relative prices {rt, wt}∞
t=0, transfers {TE

1,t, TE
2,t, TK

2,t}∞
t=0,

allocations for the firm {Kt, Et}∞
t=0 and the households {C1,t, C2,t+1(χt+1), Kt+1}∞

t=0 such
that,

1. The allocations for the households solve, (2.62), for each realization of χt+1,

2. The allocations for the firm solve (2.4-2.6),

3. The budget constraints for the government, τE
t Et = (1− φ2)TE

1,t + φ2TE
2,t, and TK

2,t =

τK
t rtKt are satisfied period-by-period,

4. And markets clear,

C1,t +
∫

C2,t(χt+1)dΨ + Kt+1 = Yt (2.63)

Lt = 1 (2.64)
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2.5.5 The saving rate

In this subsection, I follow Krueger and Ludwig (2018) closely. As before, the idea
is to derive an implementability condition in order to relax the government problem
and solve for allocations instead of tax rates using the primal approach. Since labor
supply is exogenous and preferences are logarithmic, the government can determine
allocations by choosing only saving rates. Below, I show that the optimal saving rate
can be decentralized as a competitive equilibrium using capital income taxes. Let st

be the saving rate, which is a fraction of total income for the young, i.e., labor income
and transfers from carbon taxation revenues,

st =
Kt+1

(1− φ2)(wt + TE
1,t)

(2.65)

Using the sequence of budget constraints and the definition for the saving rate, we
can rewrite the Euler equation as,

1 = β(1− τK
t+1)

∫ 1− st

φ2χt+1ŵ2,t+1
rt+1(1−φ2)ŵ1,t

+ (1− τK
t+1)st +

TK
2,t+1

rt+1(1−φ2)ŵ1,t

dΨ(χt+1) (2.66)

where ŵi,t = wt + TE
i,t for i = {1, 2} is the non-capital income for households. Given

the assumption about technology and the energy–labor composite input, it can be
shown that factor compensations are then a constant fraction of output, that is,

wtLt + τE
t Et = (1− α)Yt (2.67)

rtKt = αYt (2.68)

Hence, by substituting prices and transfers in terms of aggregate variables into
the Euler equation, assuming that the government distributes carbon tax revenues
equally, and given an initial capital stock, K0, one can obtain an expression for the
dynamics of capital as follows which also hinges on the level of idiosyncratic labor
income risk in old age, Φ,

1 = αβ(1− τK
t+1)

[
(1− φ2)(1− α)Yt − Kt+1

Kt+1

] ∫ 1
φ2χt+1(1− α) + α

dΨ(χt+1)︸ ︷︷ ︸
Φ=Φ(φ2,α;Ψ)

(2.69)

Notice that since the term in the integral is convex in χt+1, Φ is increasing in the level
of idiosyncratic risk. For vanishingly small spread, then it converges to 1

φ2χt+1(1−α)+α
.

Finally, along the lines of Krueger and Ludwig (2018), for a given tax policy τK
t+1 ∈

(−∞, 1], one can solve for the saving rate in competitive equilibrium, to obtain,

Proposition 2.7. The saving rate in general equilibrium is given by,

st =
1

1 + 1
αβ(1−τK

t+1)Φ(φ2,α;Ψ)

(2.70)
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Proof. In appendix 2.A.7.

This constant saving rate is unique and independent of climate policies and capital
stocks, but dependent of the capital income tax policy. This will be important for the
setting of fiscal and climate policies as discussed below. Indeed, as shown in Krueger
and Ludwig (2018), and following the primal approach, the government can then
solve directly for the saving rate and then decentralize it by choosing capital income
taxes.

2.5.6 First-best allocations

To begin with, I solve for the first-best allocations under idiosyncratic labor income
risk in old age in order to perform a comparative analysis about the implications of
constraints on policy instruments. Here, the government would like to internalize
climate damages by means of a carbon tax, and to provide full insurance to house-
holds facing productivity shocks, and in order to do so, it should be able to transfer
resources across generations. By solving the social planner’s problem, it follows that

Proposition 2.8. The unconstrained government finds it optimal to implement a constant
saving rate,

s∗ =
αγ

(1− φ2)(1− α)
(2.71)

and a carbon price given by,

τE
t = Yt

∞

∑
i=1

γiθi (2.72)

Proof. In appendix 2.A.8.

As expected, given the assumptions about technology and preferences, the saving
rate is constant over time and increasing in the intergenerational discount factor. As
in recent literature related to simple formulae for the social costs of carbon, i.e., as in
Golosov et al. (2014), the optimal carbon price is proportional to output and rises with
higher future weights and damages. As shown in section 2.2, the carbon price equals
both the market costs of carbon and the Pigouvian tax. Again, the government would
like to avoid intertemporal distortions, i.e., this yields a zero capital income tax rate
and a carbon price that fully internalizes the future marginal damages of one addi-
tional unit of CO2 emissions. The only difference here is the use of a distinct discount
factor which depends upon government preferences and not on the households’ dis-
count factor.

Corollary 2.2. If the government uses the same discount factor as the households, γ = β,
then the optimal carbon price resembles the one in Golosov et al. (2014),

τE
t = Yt

∞

∑
i=1

βiθi (2.73)
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2.5.7 The Ramsey problem: Second-best allocations

When the government cannot either implement carbon taxes or transfer resources
across generations the first-best allocation discussed above could not be attained. In
a second-best scenario, the problem then is to choose optimal policies given the set
of policy instruments available to the government. As before, the government can
implement carbon taxes to internalize climate externalities and rebate such fiscal rev-
enues to household via lump-sum transfers, and tax capital income in order to make
transfers to members of the same generation as a means of partially insuring people
against idiosyncratic risk.

In a second-best world, the government chooses carbon taxes and capital income
taxes such that the resulting allocation maximizes the welfare of current and future
generations. From the previous sections, one can solve a relaxed problem by choosing
the saving rate directly instead of tax rates. By solving the government maximization
problem the saving rate, the optimal capital tax, and the optimal carbon tax are given
by,

Proposition 2.9. The constrained government finds it optimal to implement a constant sav-
ing rate,

s∗ =
α(β + γ)

1 + αβ
(2.74)

a constant capital income tax,

τK = 1− β + γ

(1− αγ)βΦ(φ2, α; Ψ)
(2.75)

and a carbon price given by,

τE
t = Yt

∞

∑
i=1

γ̂iθi, with γ̂ ≡ (β + γ)(1− φ2)(1− α)

1 + αβ
(2.76)

Proof. In appendix 2.A.9.

From proposition 2.9, it turns out that the optimal saving rate is constant over
time, and the government decentralizes it using a constant capital income tax rate
(2.75), that is increasing in the level of idiosyncratic risk, Φ as previously discussed.
The market costs of carbon take a similar form as before, but now it uses a modified
discount factor, γ̂, for the Ramsey planner. As in the first-best, note that being able
to get a simple formula for the carbon price relies on the fact that the saving rate is
constant.

2.6 A numerical example

In this section, contributing to the recent literature that proposes simple formulae for
the social costs of carbon following the work of Golosov et al. (2014), I exploit the
closed-form solutions for the optimal carbon prices derived in the previous section
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for an OLG economy with idiosyncratic risk. Therefore, to see the implications of
different saving rules in the setting of carbon taxes, I proceed to calculate the path
of optimal carbon taxes in both a first-best scenario, when the government can pro-
vide full insurance to households, and a second-best world, where the presence of
idiosyncratic risk and incomplete markets lead to over-accumulation of capital and
the government implement a capital income tax to correct for pecuniary externalities.
Before doing that, in the next subsection I characterize the climate module for this
economy.

2.6.1 Climate module

I follow Gerlagh and Liski (2018b) and van den Bijgaart et al. (2016) closely in model-
ing climate change and use a multi-box representation for the carbon cycle and tem-
perature adjustments. As shown in Gerlagh et al. (2017), the response function to
current emissions, θi, can be written as,

θi = ∑j ∑k ajbkπεk
(1− ηj)

i − (1− εk)
i

εk − ηj
, (2.77)

where ηj presents the rates for atmospheric depreciation factors, εk denotes the tem-
perature adjustment speeds, aj sets the shares of carbon emissions entering the reser-
voirs considered i.e., atmosphere and upper ocean, biomass and deep oceans, bk des-
ignates how temperature responds to changes in carbon stocks, and π = 0.0167 is
the climate sensitivity which comes from a linear approximation to the relationship
between carbon concentrations, temperature changes, and damages. Below, I deter-
mine the paths of this response function for the remainder of this century, by using
the procedure explained in Gerlagh et al. (2017), when the saving rate depends only
on a few parameters, i.e., it is constant over time, and the parameter values for the
climate system as reported in Table 2.1. Calibrated parameters come from van den
Bijgaart et al. (2016).28

TABLE 2.1: Median parameter values for the climate system

Carbon cycle
a0 a1 a2 a3 η0 η1 η2 η3

0.220 0.279 0.278 0.222 0 0.0035 0.0507 0.2892
Temperature adjustment

b0 b1 b2 ε0 ε1 ε2
0.2218 0.3306 0.4476 0.9787 0.1980 0.0036

2.6.2 Optimal carbon and capital taxes

As a benchmark, in this subsection, I only look at the situation when the government
uses the same discount factor as the households, γ = β and we set β = 0.985 as in

28For more details see Joos et al. (2013) and Caldeira and Myhrvold (2013).
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Eggertsson et al. (2019) which it is standard for overlapping generations models.29

Notice that, however, the purpose it is not to provide a full calibration and character-
ization of policies, but to present a quantitative illustration of the possible impacts of
the given externalities on climate and fiscal policy.

TABLE 2.2: Calibrated parameters for the benchmark model

Parameter Value Description Source
σ 1 Elas. of intertemporal subs. Logarithmic utility
β 0.98530 Sub. discount factor Eggertsson et al. (2019)
γ 0.98530 Interg. discount factor
α 0.3 Capital share Standard
φ2 0.2 Old-age productivity See text
σln χ 0.250 Variance of idiosyncratic risk Krueger and Ludwig (2018)
µln χ -0.125 Mean of idiosyncratic risk such that Eχ = 1
L 1 Total labor suppy Normalized
δ 100% Depreciation rate Standard

As shown in Figure 2.1, in contrast to Barrage (2018), even if the government re-
sembles the same level of impatience than the households, assuming a value for old
age productivity of φ2 = 0.2, and the other calibrated parameters as described in table
2.2, the optimal carbon taxes in a second-best world are 11% lower than those derived
in the first-best scenario. This correction goes up to 55% when the intergenerational
discount factor equals, γ = 0.995, and to 87% when γ = 0.999 as in Stern (2007).

FIGURE 2.1: Optimal carbon taxes, 2010-2100
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29Typically, in infinitely-lived representative agent models, this parameter is calibrated to match a
particular interest rate.
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A closer look at capital and carbon taxes across different scenarios yields interest-
ing insights. Table 2.3 reports saving rates for the competitive equilibrium without
fiscal and climate policy, the first-best allocation and the constrained efficient alloca-
tion or second-best with both capital and carbon taxes.30

TABLE 2.3: Optimal climate and fiscal policy, 2018

Saving rate Investment share Carbon tax Capital tax
Competitive Eq. 0.474 0.266 - -
First-best 0.340 0.191 24.67 -
Second-best 0.320 0.179 21.87 0.479
Note: Values for β = 0.98530, γ = 0.98530, α = 0.3, φ2 = 0.2, and Φ(φ2, α; Ψ(χ)) = 4.74 where
χ ∼ LN(−0.125, 0.25). Carbon taxes in AC/tCO2.

In the first case, as expected, the presence of idiosyncratic risk creates a motive for
precautionary saving and therefore a saving rate of 0.474. In contrast, the optimal sav-
ing rate in a world where the government can provide full insurance to households
is 0.34, while at the same time being able to implement an optimal carbon tax (at its
Pigouvian level) of 24,67AC/tCO2. However, when the government can provide only
partial insurance, it finds it optimal to tax capital at a rate of 47.9%, and to set a car-
bon tax of 21.87AC/tCO2. As expected, given the policy instruments available to the
government, the Ramsey planner cannot implement the first-best allocation. Since
the aggregate capital is below its efficient level, the government finds it optimal to
tax carbon emissions to a lower rate than the one would be in place in a setting with
individualized lump-sum taxes and full insurance.

2.7 Discussion

This paper has studied optimal climate and fiscal policy with heterogeneous agents.
I show that in general, the optimal carbon tax in an economy with distortionary fis-
cal policy equals the market costs of carbon, but does not always attain its Pigou-
vian level. That is, future marginal damages due to current carbon emissions are
discounted using the market rate of interest, but not the consumption discount rate
even if it is distorted. This result resembles the opportunity cost of capital investment,
supporting the Nordhaus (2008) recommendation that claims that climate change mit-
igation investments should earn the same net return as other investments in the econ-
omy.

Moreover, I have addressed the implications of separability in the utility function
and the different tax instruments available to the government on setting carbon taxes.
In particular, I show that with a full set of tax instruments and separable preferences
over consumption and leisure, the optimal carbon tax attains both the market costs of
carbon and its Pigouvian level. The intuition behind this outcome relies on the fact

30To calculate the constant Φ(φ2, α; Ψ), I assume that χ is log-normally distributed and approximate
it using a Gaussian quadrature with 20 nodes along the lines of Krueger and Ludwig (2018).
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that separability implies that there are not complementary effects so that labor income
taxes do not distort intertemporal margins. It turns out that since a zero capital in-
come tax rate is optimal, the way households value current and future consumption is
not affected, and therefore, the market interest rate equals the consumption discount
rate.

However, once the government is constrained in its set of tax instruments, for
instance, no age-dependent labor income taxation, then there is space for an endoge-
nous non-zero tax rate on capital income and, as a result, the optimal carbon tax does
not attain its Pigouvian level. Either a positive or a negative tax rate on capital in-
come creates a wedge between the marginal rate of substitution for consumption and
the marginal rate of transformation. When preferences are not separable over con-
sumption and leisure, even if I allow for the existence of age-dependent labor income
taxes, the optimal carbon price differs from the Pigouvian tax. In general, I demon-
strate that the conditions that optimally generate a capital income tax rate different
from zero would also imply a distortion in the setting of optimal environmental poli-
cies.

In a setting with idiosyncratic risk, I show that the government finds it optimal to
tax capital income in order to avoid over-accumulation of capital due to precautionary
saving motives. By allowing for exogenous labor supply and logarithmic preferences,
I derive a simple formula for the carbon price and I discuss how the formula should
be adjusted in the case of uninsurable idiosyncratic productivity shocks. As before,
the carbon price equals the market costs of carbon but it falls short of the Pigouvian
tax. In a numerical exercise, I show that uninsurable labor income risk leads to a
positive capital income tax and a carbon price below its Pigouvian rate.

Finally, I also provide a novel result for the literature on optimal capital taxa-
tion. The existence of constraints on environmental regulations such as an exogenous
carbon price leads the social planner to adjust the fiscal policy scheme by changing
capital and labor income tax rates in order to offset the inefficiency stemming from a
carbon tax that does not fully internalize climate damages from current carbon emis-
sions. In particular, low carbon prices compared to the first-best levels so that the
economy is above its efficient level, create a motive for positive capital income tax in
order to diminish aggregate capital, and therefore, reduce total output and the level
of carbon emissions.

2.A Appendix

2.A.1 The primal approach: Lemma 2.1

Proof. The procedure follows closely the one in Iqbal and Turnovsky (2008) and Gar-
riga (2001). I begin by showing that a competitive equilibrium must satisfy equations
(2.27)-(2.30). Notice that equations (2.27) and (2.28) are equivalent to the first two
constraints that come from the market clearing conditions in definition 2.1. To derive
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(2.29), I proceed to use the intertemporal budget constraint for the households which
is given by:

C1,t +
C2,t+1

(1− τK
t+1)rt+1

= (1− τL
1,t)φ1wtL1,t +

(1− τL
2,t+1)φ2wt+1L2,t+1

(1− τK
t+1)rt+1

(2.A.1)

Then, using the optimality conditions (2.11)-(2.13) from the household’s problem, it
follows that,

C1,t +
βUC2,t+1

UC1,t

C2,t+1 = −
Ul1,t

UC1,t

L1,t −
UL2,t+1

UC2,t+1

L2,t+1
βUC2,t+1

UC1,t

(2.A.2)

which yields (2.29). The same procedure can be applied to derive (2.30) by consider-
ing that the budget constraint for the initial old is:

C2,0 = (1− τL
2,0)w0φ2L2,0 +

[
(1− τK

0 )r0

]
K0 (2.A.3)

Using the first-order conditions from the household’s problem, (2.11-2.13), we ar-
rive to conditions (2.50-2.A.61). To prove the last part of the proposition, the prices
can be derived using the first-order conditions (2.4)-(2.6) from the firm’s problem, in
addition to a carbon tax, to make them consistent with a competitive equilibrium, that
is:

τE
t = FEt (2.A.4)

wt = FLt (2.A.5)

rt = FKt (2.A.6)

Likewise, the set of policies for labor and capital income can be constructed by
replacing allocations and equilibrium prices into the first order conditions from the
household’s problem such that tax rates satisfy those conditions, Therefore, using
equations (2.11)-(2.13), the following conditions characterize labor and capital income
taxes,

τK
t+1 = 1−

UC1,t

βrt+1UC2,t+1

(2.A.7)

1− τL
2,t+1

1− τL
1,t

=
φ1wtUL2,t+1UC1,t

φ2wt+1UL1,tUC2,t+1

(2.A.8)

Note that age-dependent labor income taxes can also be derived as,

τL
1,t = 1 +

UL1,t

UC1,t φ1wt
(2.A.9)

τL
2,t+1 = 1 +

UL2,t+1

UC2,t+1 φ2wt+1
(2.A.10)
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Finally, notice that the household’s budget constraint also holds under those allo-
cations and prices. To see that, replace the first order conditions from the household’s
problem into equations (2.29) and (2.30) to get the intertemporal budget constraint
for the households. Since the feasibility constraint and the intertemporal budget con-
straint for the households are satisfied, by Walras’ Law, the government budget con-
straint holds as well.

2.A.2 Derivation of second-best policies for the general case

A government, who has access to age-dependent taxation, would like to solve the
following relaxed maximization program subject to the feasibility constraint and the
implementability condition for the generations born in periods t ≥ 0, that is,

L(·) ≡ ∑∞
t=0 γt [U(C1,t, L1,t) + βU(C2,t+1, L2,t+1)]

+ ∑∞
t=0 γtµt [Yt − C1,t − C2,t − Kt+1 − Gt]

+ ∑∞
t=0 γtλt

[
UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1

]
The first-order conditions are given by,

C1,t : γtUC1,t − γtµt + γtλt
[
UC1,tC1,t C1,t + UC1,t + UL1,tC1,t L1,t

]
= 0

C2,t+1 : γtβUC2,t+1 − γt+1µt+1

+γtλt
[
βUC2,t+1C2,t+1 C2,t+1 + βUC2,t+1 + βUL2,t+1C2,t+1 L2,t+1

]
= 0

L1,t : γtUL1,t + γtµtφ1FL,t + γtλt
[
UC1,t L1,t C1,t + UL1,t L1,t L1,t + UL1,t

]
= 0

L2,t+1 : γtβUL2,t+1 + γt+1µt+1φ2FL,t+1

+γtλt
[
βUC2,t+1L2,t+1 C2,t+1 + βUL2,t+1L2,t+1 L2,t+1 + βUL2,t+1

]
= 0

Kt+1 : −γtµt + γt+1µt+1FK,t+1 = 0

Et : γtµtFE,t − γt+1µt+1θ1Yt+1 − γt+2µt+2θ2Yt+2 − γt+3µt+3θ2Yt+3 − · · · = 0

Using the general equilibrium elasticities and the marginal costs of public funds (Lemma
2.2), one can get the set of conditions for an optimum as presented in equations, (2.31)-
(2.34).

2.A.3 The case of separable preferences: Proposition 2.3

Proof. Consumption-leisure separability implies UCL = ULC = 0, thus:

UCi,t = C−σ1
i,t

UCi,tCi,t = −σ1C−σ1−1
i,t

ULi,t = −χ(1− Li,t)
−σ2

ULi,t Li,t = −χσ2(1− Li,t)
−σ2−1
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Then, I can find the expressions for the general equilibrium elasticities as follows:

ΘCi,t = −σ1 (2.A.11)

ΘLi,t =
σ2Li,t

1− Li,t
(2.A.12)

Hence, if ΘC1,t = ΘC2,t+1 = −σ1, then ΛC1,t = ΛC2,t+1 , and using (2.40), it yields
ΞC

t = 1. To check that the first two numerals of the proposition hold under this
condition, replace ΞC

t = 1 in equations (2.44) and (2.43), to get the zero optimal capital
income tax and the optimal carbon tax at the Pigouvian level, respectively. Finally, to
derive optimal labor income taxes, we use (2.45) to obtain:

1− τL
2,t+1

1− τL
1,t

=
1

ΞL
t

(2.A.13)

From the previous equation, τL
2,t+1 < τL

1,t, as long as ΞL
t < 1. This latter condition

requires that ΛL1,t > ΛL2,t+1 , which is only possible if L2,t+1 < L1,t. That is, a declining
labor supply requires labor income taxes that decrease with age, then ΞL

t < 1, and we
obtain the third result.

2.A.4 The case of a constant Frisch elasticity: Proposition 2.4

Proof. As before, consumption-labor separability implies UCL = ULC = 0, hence,

UCi,t =
1

Ci,t

UCi,tCi,t = − 1
C2

i,t

ULi,t = −ϕLη
i,t

ULi,t Li,t = −ϕηLη−1
i,t

The expressions for the general equilibrium elasticities are now,

ΘCi,t = −1 (2.A.14)

ΘLi,t = η (2.A.15)

This implies that ΘC1,t = ΘC2,t+1 = −1, thus ΛC1,t = ΛC2,t+1 , and using (2.40), it
yields ΞC

t = 1. The first two numerals of the proposition then follows from (2.44)
and (2.43). That is, the optimal capital income tax is zero and the optimal carbon tax
equals both the market and social costs of carbon, respectively. Since ΞL

t = 1, optimal
labor income taxes come from equation (2.45), thus,

1− τL
2,t+1

1− τL
1,t

= 1 (2.A.16)
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Then we get the result, τL
2,t+1 = τL

1,t.

2.A.5 The case of non-separable preferences: Proposition 2.5

Proof. Without separability, marginal utilities can be derived as:

UCi,t =
ξ(1− σ)Ui,t

Ci,t

ULi,t = − (1− ξ)(1− σ)Ui,t

1− Li,t

UCi,tCi,t =

[
(1− σ)ξ2 − ξ

]
(1− σ)Ui,t

C2
i,t

UCi,t Li,t = ULi,tCi,t = − (1− ξ)ξ(1− σ)2Ui,t

Ci,t(1− Li,t)

ULi,t Li,t = − (1− ξ)(1− σ)Ui,t

(1− Li,t)2 [(1− ξ)σ + ξ]

Moreover, the general equilibrium elasticities imply the following:

ΘCi,t = −1 + (1− σ)

[
ξ − (1− ξ)Li,t

1− Li,t

]
(2.A.17)

ΘLi,t =
[(1− σ)ξ + σ]Li,t

1− Li,t
+ ξ(1− σ) (2.A.18)

Using the previous results, it follows that:

ΞC
t =

1 + λt(1− σ)
[
ξ − (1−ξ)L2,t+1

1−L2,t+1

]
1 + λt(1− σ)

[
ξ − (1−ξ)L1,t

1−L1,t

] (2.A.19)

In this case, notice that ΞC
t = 1 if and only if households feature a flat labor supply.

So, if the labor supply is decreasing (increasing) over the life-cycle, it is optimal to set
a positive (negative) capital income tax, and the optimal carbon tax would be lower
(higher) than the Pigouvian level.

Likewise, with respect to labor income taxes, I obtain that:

ΞL
t =

1 + λt(1− σ)
[
ξ − (1−ξ)L2,t+1

1−L2,t+1

]
+ λt

1−L2,t+1

1 + λt(1− σ)
[
ξ − (1−ξ)L1,t

1−L1,t

]
+ λt

1−L1,t

(2.A.20)

We know thus that:
1− τL

2,t+1

1− τL
1,t

=
ΞC

t

ΞL
t
> 1 (2.A.21)

as long as L2,t+1 < L1,t and 1 + λt(1− σ) > 0. To see this, define mi,t and ni,t as,
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mi,t = 1 + λt(1− σ)

[
ξ − (1− ξ)Li,t

1− Li,t

]
; ni,t =

λt

1− Li,t

such that,
ΞC

t

ΞL
t
=

m2,t+1
m1,t

m2,t+1+n2,t+1
m1,t+n1,t

(2.A.22)

After some algebra, and by replacing our auxiliary variables, it yields the condi-
tion for ΞC

t /ΞL
t > 1:

{L1,t − L2,t+1} {1 + λt(1− σ)} > 0 (2.A.23)

Note that this expression is particularly true whenever that L1,t > L2,t+1 and σ <
1+λt

λt
.

2.A.6 Derivation of second-best policies under age-independent taxation

A government, who has access to age-dependent taxation, would like to solve the fol-
lowing relaxed maximization program subject to the feasibility constraint, the imple-
mentability condition, and the constraint associated with age-independent taxation,
for the generations born in periods t ≥ 0. The problem is now to solve,

L(·) ≡ ∑∞
t=0 γt [U(C1,t, L1,t) + βU(C2,t+1, L2,t+1)]

+ ∑∞
t=0 γtµt [Yt − C1,t − C2,t − Kt+1 − Gt]

+ ∑∞
t=0 γtλt

[
UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1

]
+ ∑∞

t=0 γtψt
[
φ2UL1,tUC2,t − φ1UL2,tUC1,t

]
The first-order conditions are given by,

C1,t : γtUC1,t − γtµt + γtλt
[
UC1,tC1,t C1,t + UC1,t + UL1,tC1,t L1,t

]
+γtψt

[
φ2UL1,tC1,tUC2,t − φ1UL2,tUC1,tC1,t

]
= 0

C2,t+1 : γtβUC2,t+1 − γt+1µt+1

+γtλt
[
βUC2,t+1C2,t+1 C2,t+1 + βUC2,t+1 + βUL2,t+1C2,t+1 L2,t+1

]
+γt+1ψt+1

[
φ2UL1,t+1UC2,t+1C2,t+1 − φ1UL2,t+1C2,t+1UC1,t+1

]
= 0

L1,t : γtUL1,t + γtµtφ1FL,t + γtλt
[
UC1,t L1,t C1,t + UL1,t L1,t L1,t + UL1,t

]
+γtψt

[
φ2UL1,t L1,tUC2,t − φ1UL2,tUC1,t L1,t

]
= 0

L2,t+1 : γtβUL2,t+1 + γt+1µt+1φ2FL,t+1

+γtλt
[
βUC2,t+1L2,t+1 C2,t+1 + βUL2,t+1L2,t+1 L2,t+1 + βUL2,t+1

]
+γt+1ψt+1

[
φ2UL1,tUC2,t+1L2,t+1 − φ1UL2,t+1L2,t+1UC1,t+1

]
= 0

Kt+1 : −γtµt + γt+1µt+1FKt+1 = 0

Et : γtµtFE,t − γt+1µt+1θ1Yt+1 − γt+2µt+2θ2Yt+2 − γt+3µt+3θ2Yt+3 − · · · = 0
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Recall that the availability of age-dependent taxes gives the government an additional
potential instrument to reduce the distortions in a second-best scenario. Without such
an instrument, the allocations from which the government can choose should then be
adjusted. Again, by using the general equilibrium elasticities, and the marginal cost
of public funds (Lemma 2.5), the set of optimality conditions are given in equations,
(2.31)-(2.34).

2.A.7 The saving rate: Proposition 2.7

Proof. Using the definition for the saving rate and the constant Φ(φ2, α; Ψ) which fully
characterizes the level of idiosyncratic risk in this economy, note that equation (2.69)
can be rewritten as,

1 = αβ(1− τK
t+1)

[ Kt+1
st
− Kt+1

Kt+1

]
Φ(φ2, α; Ψ) (2.A.24)

= αβ(1− τK
t+1)

[
1− st

st

]
Φ(φ2, α; Ψ) (2.A.25)

and solving for st yields the saving rate in general equilibrium as a function of capital
income taxes and idiosyncratic risk.

2.A.8 First-best allocations: Proposition 2.8

Proof. Here, as in Krueger and Ludwig (2018), the government would like to maxi-
mize the following social welfare function using arbitrary welfare weights, δt,

max
{C1,t,C2,t(χt),Kt+1,Et}∞

t=0

δ−1

∫
log C2,0(χ0)dΨ(χ0) (2.A.26)

+
∞

∑
t=0

δt

[
log C1,t + β

∫
log C2,t+1(χt+1)dΨ(χ)

]
subject to resource constraint and the initial capital K0,

C1,t +
∫

C2,t(χt+1)dΨ + Kt+1 = Yt (2.A.27)

Since the government is not constrained in the transfers it can implement, it is optimal
to provide full insurance such that C2,t = C2,t(χt) for each realization of χt and for all
t. Then, the problem reduces to,

max
{C1,t,C2,t,Kt+1,Et}∞

t=0

δ−1 log C2,0 +
∞

∑
t=0

δt [log C1,t + β log C2,t+1] (2.A.28)

subject to the resource constraint,

C1,t + C2,t + Kt+1 = Yt (2.A.29)
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and the initial capital as before. Let µt be the Lagrange multiplier related to the feasi-
bility constraint. The first-order conditions associated with this problem are then,

δt

C1,t
= µt (2.A.30)

δtβ

C2,t+1
= µt+1 (2.A.31)

1
FKt+1

=
µt+1

µt
(2.A.32)

∑∞
i=1

µt+i

µt
θiYt+i = FEt (2.A.33)

However, in order to maintain the same assumption about welfare weights as in the
benchmark model above, let γ = δt+1

δt
< 1.1 Then, it is easy to check that consumption

across generations and the Euler equation are given by,

C2,t =
β

γ
C1,t (2.A.34)

C2,t+1 = βrt+1C1,t (2.A.35)

And then it follows that,

C1,t =
γ

γ + β
[Yt − Kt+1] (2.A.36)

C2,t =
β

γ + β
[Yt − Kt+1] (2.A.37)

By substituting the previous expression into the Euler equation, and using the fact
that rt+1 = αYt+1

Kt+1
one obtains,

1− Kt+2

Yt+1
= αγ

[
Yt

Kt+1
− 1
]

(2.A.38)

It is then straightforward to show, using the definition for the saving rate, the optimal
saving rate is constant over time and given by,

s∗ =
αγ

(1− φ2)(1− α)
(2.A.39)

as required. To get the optimal carbon price, I use the fact that the carbon tax equals
the market costs of carbon MCCt as before, and that the optimal saving rate is constant
so that the investment share is Kt+1

Yt
= αγ,

1See Gerlagh et al. (2017) for a complete characterization of climate policies with welfare weights.
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τE
t = ∑∞

i=1
1

∏i
j=1 rt+j

θiYt+i (2.A.40)

=
Yt

Yt
∑∞

i=1
1

∏i
j=1

αYt+j
Kt+j

θiYt+i

= Yt ∑∞
i=1 γiθi

2.A.9 Second-best allocations: Proposition 2.9

Proof. Similar to the primal approach, the government would choose the optimal sav-
ing rate in this context and it would use capital income taxes to decentralize it, which
can be derived using the result in Proposition 2.7. Thus, the government maximizes
lifetime utility of current and future generations,

max
{Kt+1}∞

t=0

∞

∑
t=0

γt
[

log C1,t + β
∫

log C2,t+1(χt+1)dΨ(χ)

]
(2.A.41)

By using the budget constraint for the households and the first-order conditions from
the firms’ problem, the previous problem can be written as,

max
{Kt+1}∞

t=0

∞

∑
t=0

γt [log[(1− φ2)(1− α)Yt − Kt+1] + β log Yt+1 + “terms"] (2.A.42)

where “terms" aggregate terms which do not depend on control variables. Using
the definition for the saving rate, the first-order condition with respect to aggregate
capital, Kt+1, implies that,

st

1− st
= αβ +

αγ

1− st+1
(2.A.43)

It follows that the optimal saving rate that satisfies this condition, as noted in (2.74),
is constant and given by,

s =
α(β + γ)

1 + αβ
∀t (2.A.44)

The implementation of this saving rate relies on the availability of capital income
taxes. From (2.70), it turns out that the optimal capital tax is constant over time and
chosen such that,

α(β + γ)

1 + αβ
=

1
1 + 1

αβ(1−τK)Φ(φ2,α;Ψ)

(2.A.45)

And solving for the capital tax, it follows,

1− τK =
β + γ

β(1− αγ)Φ(φ2, α; Ψ)
(2.A.46)
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as desired. The last part of the proposition deals with optimal climate policy. No-
tice that the saving rate in this second-best scenario implies the following investment
share,

Kt+1

Yt
=

α(β + γ)(1− φ2)(1− α)

1 + αβ
(2.A.47)

So that the market costs of carbon can be derived as,

τE
t = ∑∞

i=1
1

∏i
j=1 rt+j

θiYt+i (2.A.48)

=
Yt

Yt
∑∞

i=1
1

∏i
j=1

αYt+j
Kt+j

θiYt+i

= Yt ∑∞
i=1 γ̂iθi

where the adjusted discount factor is, γ̂ ≡ (β+γ)(1−φ2)(1−α)
1+αβ .

2.A.10 Utility damages

Here I consider only the case when climate change affects utility and rule out damages
to output.2 As before, households have preferences over consumption, labor, and for
tractability, to be separable from the climate state as defined in Assumption 2.1.

L(·) ≡ ∑∞
t=0 γt

[
U(C1,t, L1,t)− ζ1Ωh(Zt) + β

(
U(C2,t+1, L2,t+1)− ζ2Ωh(Zt+1))

)]
+ ∑∞

t=0 γtµt [Yt − C1,t − C2,t − Kt+1 − Gt]

+ ∑∞
t=0 γtλt

[
UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1

]
The first-order conditions are thus,

C1,t : γtUC1,t − γtµt + γtλt
[
UC1,tC1,t C1,t + UC1,t + UL1,tC1,t L1,t

]
= 0

C2,t+1 : γtβUC2,t+1 − γt+1µt+1

+γtλt
[
βUC2,t+1C2,t+1 C2,t+1 + βUC2,t+1 + βUL2,t+1C2,t+1 L2,t+1

]
= 0

L1,t : γtUL1,t + γtµtφ1FL,t + γtλt
[
UC1,t L1,t C1,t + UL1,t L1,t L1,t + UL1,t

]
= 0

L2,t+1 : γtβUL2,t+1 + γt+1µt+1φ2FL,t+1

+γtλt
[
βUC2,t+1L2,t+1 C2,t+1 + βUL2,t+1L2,t+1 L2,t+1 + βUL2,t+1

]
= 0

Kt+1 : −γtµt + γt+1µt+1FK,t+1 = 0

Et : γtµtFE,t − γtβζ2
∂Ωh(Zt+1)

∂Zt+1

∂Zt+1

∂Et
− γt+1ζ1

∂Ωh(Zt+1)

∂Zt+1

∂Zt+1

∂Et
− · · · = 0

2Given our assumptions about functional forms and preferences, it is then easy to show that total
damages from climate change with both utility and output losses are equal to their sum.
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Using the last expression, the optimal carbon price is implicitly defined as,

τE
t = ζ1

∞

∑
i=1

γi

µt

∂Ωh(Zt+i)

∂Zt+i

∂Zt+i

∂Et
+ βζ2

∞

∑
i=0

γi

µt

∂Ωh(Zt+1+i)

∂Zt+1+i

∂Zt+1+i

∂Et
(2.A.49)

Hence, it is easy to show that optimal carbon prices under distortionary taxation and
utility losses coming from climate change should be adjusted using the marginal cost
of public funds.

Proposition 2.10. The optimal carbon price in an economy with utility damages from climate
externalities is,

τE
t = ζ1

∞

∑
i=1

γi

UC1,t

1
ΛC1,t

∂Ωh(Zt+i)

∂Zt+i

∂Zt+i

∂Et
+ βζ2

∞

∑
i=0

γi

UC1,t

1
ΛC1,t

∂Ωh(Zt+1+i)

∂Zt+1+i

∂Zt+1+i

∂Et

(2.A.50)

Proof. It follows from the definition for the marginal cost of public funds (Def.2.2).

2.A.11 Exogenous carbon taxes

So far, it has been assumed that the social planner has access to both fiscal and climate
policy instruments. However, one can think of situations in which there is an exter-
nal regulator who fixes carbon taxes without caring about the welfare of successive
generations, and in that case, the government can only implement capital and labor
income taxes to attain its goals. Here, I derive the implications of this new restric-
tion on policy instruments. As before, I need to introduce an additional constraint in
the social planner’s problem that reflects a given price for carbon emissions that the
government must respect,

τE = FEt (2.A.51)

Let γtδt denote the Lagrange multiplier associated with the carbon tax rate constraint.
Solving this problem, the optimality conditions for consumption and labor are:

UC1,t ·Λ
C1,t = µt (2.A.52)

β

γ
UC2,t+1 ·Λ

C2,t+1 = µt+1 (2.A.53)

UL1,t ·ΛL1,t = −µtφ1FLt + δtφ1FEt Lt (2.A.54)
β

γ
UL2,t+1 ·ΛL2,t+1 = −µt+1φ2FLt+1 + δt+1φ2FEt+1Lt+1 (2.A.55)

The first-order conditions for capital and energy are,

1
FKt+1

+ γ
δt+1

µt

FEt+1Kt+1

FKt+1

= γ
µt+1

µt
(2.A.56)

∞

∑
i=1

γi µt+1

µt
θiYt+i +

∞

∑
i=1

γi δt+i

µt
FEt+iEt = FEt −

δt

µt
FEtEt (2.A.57)
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From the conditions for labor (2.A.54-2.A.55) and capital (2.A.56), as a result of the
constraint on carbon taxes, optimal levels of labor and capital should be adjusted to
take into account the interaction between the marginal product of energy and changes
in inputs, so that the constraint (2.A.51) binds. Under this fiscal scheme, optimal
income taxes are,

Proposition 2.11. The optimal capital and labor income taxes in an economy with exogenous
carbon taxes are given by,

τK
t+1 = 1− µtΞC

t
µt + γδt+1FEt+1Kt+1

(2.A.58)

1− τL
2,t+1

1− τL
1,t

=
ΞC

t

ΞL
t
·

1− δt+1FEt+1 Lt+1
µt+1FLt+1

1− δtFEt Lt
µtFLt

 (2.A.59)

Proof. Using the primal approach, see Lemma 2.1, by combining the FOC’s for the
social planner (2.A.52)-(2.A.53) and for the households (2.11), it yields the optimal
capital income tax (2.A.58). In addition, from (2.A.52-2.A.55) and (2.12-2.13), we can
get the path for labor income taxes, (2.A.59).

Proposition 2.11 refines the results of Lemma 2.4 by including the effects of exoge-
nous carbon prices on the setting of income taxes. At the same time, it also presents a
novel result in the literature about optimal taxes on capital,

Corollary 2.3. An exogenous carbon price, τE, below the first-best level, provides a firm
rationale for positive capital income taxes even if preferences are separable over consumption
and leisure, in contrast to Proposition 2.3, that is,

τK
t+1 = 1− µt

µt + γδt+1FEt+1Kt+1

> 0 (2.A.60)

From Proposition 2.3 we know that separability in preferences over consump-
tion and leisure implies a constant marginal cost of public funds, and therefore, a
consumption–savings wedge, ΞC

t = 1. Here, the presence of non-optimal carbon
prices leads the social planner to make adjustments to available fiscal instruments, in
particular implementing a non-zero optimal capital income tax. The idea is simple.
Suppose that the constant carbon price is below of the optimal carbon tax (the market
costs of carbon), so that production is above its efficient level. The government would
then like to use capital and labor income tax to reduce aggregate levels of capital and
labor supply, and thus total output.
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2.A.12 Derivation of second-best policies under exogenous carbon taxes

Here, I solve the problem when the government cannot implement a carbon policy
and takes as given the carbon price, that is,

L(·) ≡ ∑∞
t=0 γt [U(C1,t, L1,t) + βU(C2,t+1, L2,t+1)]

+ ∑∞
t=0 γtµt [Yt − C1,t − C2,t − Kt+1 − Gt]

+ ∑∞
t=0 γtλt

[
UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1

]
+ ∑∞

t=0 γtδt

[
τE − FEt

]
The first-order conditions are now given by,

C1,t : γtUC1,t − γtµt + γtλt
[
UC1,tC1,t C1,t + UC1,t + UL1,tC1,t L1,t

]
= 0

C2,t+1 : γtβUC2,t+1 − γt+1µt+1

+γtλt
[
βUC2,t+1C2,t+1 C2,t+1 + βUC2,t+1 + βUL2,t+1C2,t+1 L2,t+1

]
= 0

L1,t : γtUL1,t + γtµtφ1FL,t + γtλt
[
UC1,t L1,t C1,t + UL1,t L1,t L1,t + UL1,t

]
−γtδtφ1FEt Lt = 0

L2,t+1 : γtβUL2,t+1 + γt+1µt+1φ2FL,t+1

+γtλt
[
βUC2,t+1L2,t+1 C2,t+1 + βUL2,t+1L2,t+1 L2,t+1 + βUL2,t+1

]
−γt+1δt+1φ2FEt+1Lt+1 = 0

Kt+1 : −γtµt + γt+1µt+1FK,t+1 − γt+1δt+1FEt+1Kt+1 = 0

Et : γtµtFEt − γt+1µt+1θ1Yt+1 − γt+2µt+2θ2Yt+2 − γt+3µt+3θ2Yt+3 − · · · = 0

−γtδtFEtEt − γt+1δt+1FEt+1Et − γt+2δt+2FEt+2Et − γt+3δt+3FEt+3Et − · · · = 0

Using the general equilibrium elasticities and the marginal cost of public funds (Lemma
2.2), yield the optimality conditions, (2.A.52)-(2.A.57).

2.A.13 Exogenous capital income taxes

Previously, I derived the implications for optimal climate and fiscal policy of facing
constraints with respect to the use of age-related labor income taxation. Here, in
the spirit of Barrage (2020), I describe why those prescriptions are no longer valid
when the government is constrained to implement optimal capital income taxes due
to an exogenous constraint. Following the same procedure as before, an additional
restriction has to be added to the government’s problem illustrated in Lemma 2.1,

UC1,t

UC2,t+1

− β(1− τK)FKt+1 = 0 (2.A.61)

Let γt ϕt denote the Lagrange multiplier associated with the capital income tax
rate constraint. Solving this social planner’s problem, it is easy to check that the
optimal conditions for consumption and labor supply are the same and given by,
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(2.31)-(2.34). However, the marginal cost of public funds now includes an additional
term associated to the constraint in the tax rate for capital income.

Lemma 2.6. For X = {C, L} and i = {1, 2}, let ΛXi,t be the marginal cost of public funds
(MCF), that is,

ΛC1,t = 1 + λt

(
1 + ΘC1,t

)
+ ϕt

UC1,tC1,t

UC1,tUC2,t+1

(2.A.62)

ΛC2,t+1 = 1 + λt

(
1 + ΘC2,t+1

)
− ϕt

β

UC1,t

UC2,t+1

UC2,t+1C2,t+1

(UC2,t+1)
2 (2.A.63)

ΛL1,t = 1 + λt

(
1 + ΘL1,t

)
+ ϕt

UC1,t L1,t

UL1,tUC2,t+1

− βϕt−1

γ

(1− τK)φ1FKt Lt

UL1,t

(2.A.64)

ΛL2,t+1 = 1+λt

(
1 + ΘX2,t+1

)
− ϕt

β

UC1,t

UL2,t+1

UC2,t+1L2,t+1

(UC2,t+1)
2 − ϕt

(1− τK)φ2FKt+1Lt+1

UL2,t+1

(2.A.65)

Proof. See Appendix 2.A.14.

For capital and energy use, however, one obtains,

1
FKt+1

+
ϕt

µt
β(1− τK)

FKt+1Kt+1

FKt+1

= γ
µt+1

µt
(2.A.66)

∞

∑
i=1

γi µt+i

µt
θiYt+i − αβ(1− τK)

∞

∑
i=1

θi
γi−1ϕt+i−1

µt

Yt+i

Kt+i
= FEt (2.A.67)

Notice that the introduction of a constrained capital income tax rate, so that the
government has once again lost a policy instrument, creates an inefficiency in the ac-
cumulation of capital, see equation (2.A.66) second term of the left-hand side. This
creates a direct interaction between future discounted marginal damages and capital
returns, see equation (2.A.67) second term of the left-hand side. Now the government
has to take this into account when it wants to calculate the present value of future
marginal damages from current marginal carbon emissions by using an adjusted dis-
count factor. Thus,

Proposition 2.12. Under no flexibility in the setting of optimal capital income taxes, it fol-
lows,

1. The optimal carbon tax is given by,

τE
t =

∞

∑
i=1

i

∏
j=1

{
1

FKt+j

+
ϕt+j−1

µt+j−1
(1− τK)

FKt+jKt+j

FKt+j

}
θiYt+i

− αβ(1− τK)
∞

∑
i=1

θi
γi−1ϕt+i−1

µt

Yt+i

Kt+i

(2.A.68)

and it differs from both the market costs of carbon, (2.42), and its Pigouvian level, (2.43).

Proof. Substituting condition (2.A.66) into (2.A.67), and according to our definitions,
we get the result.
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This result is equivalent to the one in Barrage (2020) where a constrained set of
policy instruments generates efficiency losses in the second-best fiscal policy. That is,
exogenous tax rates on capital returns impede the government from using the market
interest rate to discount future marginal damages from carbon emissions, since the
constraint on that policy instrument leads to a level of aggregate capital that is not
the level a social planner would like to see in the economy. As a result, the optimal
carbon tax does not equal the market costs of carbon, (2.42), a finding that was shown
above, to be robust to assumptions about preferences modeling and age-dependent
taxation in a second-best world. The intuition for this result is also straightforward.
For example, suppose that the constant capital income tax rate is set above its optimal
level, so that aggregate capital is below its efficient level. Then it would be optimal
to use the carbon tax to move the economy closer to the efficient level, probably by,
taxing carbon emissions a lower rate. From the formula for the optimal carbon tax,
(2.A.68), however, the total effect of the capital constraint is ambiguous.

2.A.14 Derivation of second-best policies under exogenous capital taxes

A government, who faces a restriction on capital taxation, solves a maximization
problem taking as constraints the feasibility constraint, the implementability condi-
tion, and the constraint associated with the exogenous capital tax. Policies in this
setting yield third-best allocations. The program is thus,

L(·) ≡ ∑∞
t=0 γt [U(C1,t, L1,t) + βU(C2,t+1, L2,t+1)]

+ ∑∞
t=0 γtµt [Yt − C1,t − C2,t − Kt+1 − Gt]

+ ∑∞
t=0 γtλt

[
UC1,t C1,t + βUC2,t+1 C2,t+1 + UL1,t L1,t + βUL2,t+1 L2,t+1

]
+ ∑∞

t=0 γt ϕt

[
UC1,t

UC2,t+1

− β(1− τK)FKt+1

]
The first-order conditions for consumption are given by,

C1,t : γtUC1,t − γtµt + γtλt
[
UC1,tC1,t C1,t + UC1,t + UL1,tC1,t L1,t

]
+γt ϕt

[
UC1,tC1,t

UC2,t+1

]
= 0

C2,t+1 : γtβUC2,t+1 − γt+1µt+1

+γtλt
[
βUC2,t+1C2,t+1 C2,t+1 + βUC2,t+1 + βUL2,t+1C2,t+1 L2,t+1

]
−γt ϕt

[
UC1,tUC2,t+1C2,t+1

(UC2,t+1)
2

]
= 0

For capital and energy,

Kt+1 : −γtµt + γt+1µt+1FKt+1 − γt ϕtβ(1− τK)FKt+1Kt+1 = 0

Et : γtµtFEt − γt+1µt+1θ1Yt+1 − γt+2µt+2θ2Yt+2 − γt+3µt+3θ2Yt+3 − . . .

γt ϕtαβ(1− τK)θ1
Yt+1

Kt+1
+ γt+1ϕt+1αβ(1− τK)θ2

Yt+2

Kt+2
+ · · · = 0
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And finally, for labor,

L1,t : γtUL1,t + γtµtφ1FLt + γtλt
[
UC1,t L1,t C1,t + UL1,t L1,t L1,t + UL1,t

]
+γt ϕt

UC1,t L1,t

UC2,t+1

− γt−1ϕt−1β(1− τK)φ1FKt Lt = 0

L2,t+1 : γtβUL2,t+1 + γt+1µt+1φ2FLt+1

+γtλt
[
βUC2,t+1L2,t+1 C2,t+1 + βUL2,t+1L2,t+1 L2,t+1 + βUL2,t+1

]
−γt ϕt

UC1,tUC2,t+1L2,t+1

(UC2,t+1)
2 − γt ϕtβ(1− τK)φ2FKt+1Lt+1 = 0

The optimality conditions are then coming from the general equilibrium elasticities,
and the marginal cost of public funds (Lemma 2.6).





53

Chapter 3

GLOBAL DEMOGRAPHIC CHANGE AND
CLIMATE POLICIES1

3.1 Introduction

Between 1950 and 2019, global average life expectancy showed a profound increase
from below-50 to above-70, while the the fertility rate experienced an equally signifi-
cant drop from 5 to about 2.5 children per woman (Figure 3.1). The global decline in
the fertility rate and the rise in life expectancy will continue in the remainder of the
current century as emerging economies reproduce demographic transition patterns
observed in economies that industrialized before them. The low population growth
as well as rapid ageing of the world population implies a sharp increase in the ratio of
retirees to workers, which is a strong motive to save more (Bernanke et al., 2005). The
outward shift in the supply of savings during the rest of the century will contribute
to the decline of the real rate of interest (Rachel and Summers, 2019). Over the same
historic period since 1950, global CO2 emissions increased from about 5 to above 35
billion tons of CO2, annually, leading to a 1 degrees Celsius temperature rise. Both
emissions and temperatures are expected to continue their trends for the remainder of
the century, unless substantial countermeasures are implemented (Nordhaus, 2018).
How much global effort the world will put into climate stabilization depends (among
other things) on our evaluation of damages caused by climate change, represented
through the so-called Social Cost of Carbon (SCC). There is a clear need for calcula-
tions of the SCC, and a rich literature has been developed accordingly. Yet, to the
best of our knowledge, demographic change has mostly been neglected insofar that
it impacts the evaluation of future damages.

We connect the two trends and doing so bring two contributions to a recently
emerging literature addressing climate change policy questions by use of common
macro-economic tools. The first contribution is methodological. We show how tracta-
bility and closed-form solutions can be kept in a climate-economy model with over-
lapping generations, and we derive formal results about the nexus between demo-
graphic change and the social cost of carbon. The second contribution is quantita-
tive, as we calibrate and simulate our model. We show that taking account of de-
mographic change substantially increases the estimate of the SCC, qualifying results

1This chapter is based on joint work with Reyer Gerlagh and Ali Motavasseli
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established through mainstream macro-climate models that abstract from the equilib-
rium demography effects.

FIGURE 3.1: Global demographic patterns, 1950-2100
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change, but the expected effect is small compared to other major drivers of demographic change.

The literature on the social costs of carbon started with the pioneering climate-
growth models by Cline (1992) and Nordhaus (1993). The DICE model (Nordhaus,
1993) became the workhorse of the climate-economy literature, the foundation and
inspiration of a very large set of integrated assessment models (IAMs). Recently,
we see the development of analytically tractable models, providing sharp insights
on the relevant mechanisms and their interplay. Hassler and Krusell (2012), using a
stochastic multi-region model, show that supply-side polices are more effective than
demand-side policies for addressing climate change. Golosov et al. (2014) show that
the social cost of carbon tends to increase proportionally with the size of the economy.
Fried (2018) considers the direction of innovation and concludes that adaptive tech-
nology warrants lower carbon prices. Barrage (2020) finds that existing distortionary
fiscal measures require optimal carbon pricing to stay below the social costs of car-
bon. Gerlagh and Liski (2018b) introduce time-inconsistent preferences and show
that these result in a lower effective discount rate for optimal carbon prices as com-
pared to the effective discount rate for capital investments. Stochastic growth and
uncertain damages or catastrophes have been shown to imply higher optimal carbon
prices compared to a ’best guess’ perfect foresight calculations (Lemoine and Traeger,
2014; Cai and Lontzek, 2019). Yet, almost all the literature applies the Ramsey-Cass-
Koopmans framework with an infinitely-lived planner. When demographic change
enters the analysis, the Overlapping Generations (OLG) framework is the standard
tool to study savings and capital build-up (d’Albis, 2007). We thus contribute to the
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literature by adding an OLG structure to the climate-economy model, while keeping
analytical closed-form results.

Describing life-cycle savings decisions, we bring demographic change into the
model and find sharp (but intuitive) effects for optimal carbon pricing. Optimal cli-
mate policy balances investments in future gains from climate protection against cur-
rent costs of associated emission reduction measures. As life-expectancy and fertil-
ity choices change over the demographic transition, households adapt their inter-
nal trade-off between the present and the future. An increase in consumers’ life-
expectancy or a decrease in fertility shifts the weight that consumers give to their own
old age. This shift in relative weights, we find, is translated into larger weights for the
far future at the macro level. The connection between households’ time preferences
and macro returns on investments is intricate, not mechanic. Using our general equi-
librium framework, we show how changes in these intra-household intertemporal
trade-offs affect the macro-economic climate policy trade-offs. Demographic change
decreases the propensity to consume at the macro level (Rachel and Summers, 2019).
As capital stocks increase, returns fall, and it becomes relatively more attractive to
invest in alternative assets. At the aggregate level, climate change mitigation delivers
such long-term investment opportunities; the increased relative attraction of climate
investments is revealed in the market through an increase in the carbon price.

Our findings directly talk to a long-ranging discussion in the literature as exem-
plified by Nordhaus (2007): "The [Stern] Review’s unambiguous conclusions [about a
very high social costs of carbon] will not survive the substitution of assumptions that
are consistent with today’s marketplace real interest rate...". Nordhaus, and others
engaged in the discussion, apply the Ramsey-Cass-Koopmans framework where in-
terest rates only vary with economic growth and uncertainty. Given the stable pattern
of worldwide economic growth over longer time horizons, their framework imposes
a stable interest rate over these horizons, which is hard to reconcile with the down-
wards pressure on neutral interest rates (Del Negro et al., 2019). Our model adds
demography into the market, and, through demographic transitions, it reproduces
the decline in interest rates observed over the last decades. It is thus not cumulat-
ing uncertainty that decreases the long-run discount rate (cf Weitzman, 2001), but a
structural trend in capital markets that drives our results. To be conservative in our
comparison, we calibrate our model to the same capital returns for 2010 as others did
before us. We find that demographic change raises the social costs of carbon by a
multiple, since in equilibrium future developments affect current prices.

The magnitude of the effect is brought about by a fundamental property of the
climate asset, i.e. its extreme persistence (Gerlagh and Liski, 2018b). We can thus
compare our findings with an asset market characterized by the same durability, the
(private) housing market for which observational data are available. Chen and Wen
(2017) argue that “rational expectations of a strong future demand for alternative
stores of value induce current [investments to rise]”, and conclude that this mech-
anism explains high, sharply rising housing prices in China. Rognlie (2016) reports
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a worldwide robust growth in the ratio of housing capital relative to overall income
over 1950-2010, by so much that it covers the full increase in the capital share docu-
mented in Piketty and Zucman (2014). A stable climate system is a very durable store
of value for the future global economy, and exploiting the similarity with houses, we
should expect a rise in demand for climate policies and carbon prices that rise faster
than the economy. Our analysis confirms this.

3.2 Further literature

Our paper relates to three strands of literature.2 Firstly, there are a few numerical In-
tegrated Assessment Models (IAMs) that study climate policies in an economy with
overlapping generations (OLG). Howarth (1998b, 2000) and Gerlagh and van der
Zwaan (2001) are the closest to this paper. Recently, Quaas and Bröcker (2016) and
Kotlikoff et al. (2019) developed an analytical OLG-climate model.3 We extend these
papers by providing a rich set of analytic results that characterize formally the effect
of demography on climate policies. Furthermore, we set up a calibration procedure
that quantifies the effects through a transparent approach, whereas in existing quan-
titative IAMs, causality is hard to gauge due to many moving parts.

Secondly, we relate to recent economic research suggesting that demographic pat-
terns over the last decades have increased aggregate household savings rates and
decreased the capital returns, mainly through shifts in the age structure of the popu-
lation (Canton and Meijdam, 1997; Bloom et al., 2003, 2007; Eggertsson and Mehrotra,
2014; Curtis et al., 2015; Carvalho et al., 2016; Imrohoroglu and Zhao, 2018). Demogra-
phy also drives part of international trade and capital flows, which to a certain extent
reflect discrepancies between savings and investments across countries (Backus et al.,
2014; Fedotenkov et al., 2014; Krueger and Ludwig, 2007).

Demographic change has also been connected to housing prices, since lower re-
turns to capital in the future create incentives for seeking alternative stores of value
(Chen and Wen, 2017), and changes in social security systems due to population ag-
ing (Imrohoroglu and Zhao, 2018; Cipriani, 2014; Fanti and Gori, 2012). Curtis et al.
(2015) show that demographic patterns are able to explain over half of the household

2 Notice that in our modeling, demographic variables are exogenous and temperature changes only
affect production. Several studies assess the effect of population aging on emissions and the environ-
ment, see Lugauer et al. (2014), Balestra and Dottori (2012), Varvarigos (2010), Mariani et al. (2010), and
Ono (2005). De la Croix and Gosseries (2012) and Jouvet et al. (2010) study the effect of climate policies
on fertility and the accumulation of human capital. In a similar vein, with respect to the relationship
between carbon emissions and population, Casey and Galor (2017) provide empirical evidence that a
reduction in fertility rates, while increases income per capita, diminishes carbon emissions. Likewise,
Dalton et al. (2008) provides an analysis of the effect of population aging on U.S energy use and carbon
emissions. None of these studies point to the impact of demographic patterns on savings rates and,
subsequently, on climate policies.

3Leach (2009) and Karp and Rezai (2014) use an OLG model in a somewhat different way. Leach
(2009) studies given climate policies and then uses the OLG structure to assess welfare effects per gen-
eration. Karp and Rezai (2014) show that if the environmental benefits of climate policies can be cap-
italized in an increased value of the capital stock, current generations also benefit from environmental
policies.
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savings rate fluctuations in China, while Sánchez-Romero (2013) finds that the demo-
graphic transition in Taiwan, during the period 1965-2005, substantially increased the
investment rate, leading to more capital and higher GDP per capita growth.4

Similarly, higher demand for assets drives up their prices in the period before the
baby boomer generation retires, while the baby boomer generation retirement period
will see suppressed asset prices. Along with the demographic pulse of a baby boom,
the capital-output ratio and asset prices follow a specific pattern. Brooks (2002), cal-
ibrating a 4-period OLG model to the US, finds that the baby boomer cohort earns a
100 basis points5 lower return on their savings when they retire. Geanakoplos et al.
(2004), modeling a 3-period OLG closed economy with recurring cycles of small and
large cohorts, show that the assets’ price-earning ratio are proportional to the ratio of
middle-aged to young workers. The middle aged workers save the most for their re-
tirement and their demand for assets drives up the asset prices. Kuhle et al. (2007) set
up an OLG model to project the effect of the baby boom and its end on future equity.
They point out that the decrease of labor supply when the baby boom cohort retires
decreases the rate of return on capital. Calibrating the model to the US economy, they
expect a decrease of the rate of return to capital up to 1.2 percentage point until 2030.

Going forward, whilst the formulation of our model is based on the literature
mentioned above, we add to it the impact of changing savings, due to population
dynamics, on the evaluation of expected future environmental damages and climate
policies.

Thirdly, our theoretical framework also builds on an emerging analytical literature
about optimal carbon taxes as dependent on a few parameters: pure time preferences,
a carbon cycle structure, temperature adjustments, and expected damages due to cli-
mate change (Golosov et al., 2014).6 Others have added risk updating when climate
information arrives (Gerlagh and Liski, 2018a), temperature delays and general time
preferences (Gerlagh and Liski, 2018b),7 tax distortions (Barrage, 2020), and stochas-
tics of growth and damages (Van Den Bremer and van der Ploeg, 2018). We add
demographic parameters to these.

Finally, this paper further relates to two recent manuscripts. Kotchen et al. (2019)
study the effect of global demographic changes on individual utility discount rates,
and through these, on efficient climate policies. Our study extends Kotchen et al.
(2019) as we focus on general equilibrium effects, that is the mediation of macro-
economic variables, and find much larger demography impacts. Scovronick et al.
(2017) study the impact of future population growth on climate mitigation policies in
an ethical framework, and find that higher population forecasts imply more stringent
policies, specifically if discounted total utility (Benthamite welfare) is maximized. We

4It is important to mention that we model a closed economy and therefore the aggregate savings rate
equals the investment rate.

5100 basis points is equal to 1 percentage point.
6For a discussion of the implications and robustness of simple carbon pricing rules see e.g., Barrage

(2014), van den Bijgaart et al. (2016), and Rezai and van der Ploeg (2015).
7See also Iverson and Karp (2018); Belfiori (2013) for discussions on time preferences and the SCC

formula.
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complement their study by considering a positive framework where demography im-
pacts the general equilibrium mechanisms, and preference parameters are calibrated
to macro-economic data.

The remainder of this paper proceeds as follows. Section 3 presents the bench-
mark OLG model with demography and describes the equilibrium and optimality
concepts. Section 4 discusses existence issues and provides a comparative statics
analysis. Section 5 includes a quantitative assessment and discusses parameter cali-
bration, data, and the climate module, to calculate the social cost of carbon. Section 6
concludes.

3.3 The model

We consider a two-period OLG model with full depreciation and log-utility in the
spirit of Cipriani (2014) and Fanti and Gori (2012) to analyze the impact of changes
in fertility and life expectancy on savings and, through the aggregate capital market,
the effect of the demographic transition on environmental policies. Time is discrete
and runs to infinity. The model employs strong assumptions to derive neat analytical
results, in the spirit of Golosov et al. (2014). The economy’s technology is based on
Gerlagh and Liski (2018b), while our quantitative assessment employs the (median)
climate-damage description listed in van den Bijgaart et al. (2016). The latter also dis-
cuss the carry-over of formal results based on log-utility preferences to quantitative
models with more flexible utility functions; they test results of a simple formal model
against the quantitative Integrated Assessment Model DICE (Nordhaus, 1993) and
conclude that the analytical findings hold remarkably well.

3.3.1 Production and Climate

Following Gerlagh and Liski (2018b), the economy’s technology is modeled as a func-
tion of capital, labor, and fossil fuel energy, given past emissions:

Yt = F(Kt, Et, Lt; zt), (3.1)

with constant returns to scale in capital Kt , labor Lt , and emissions Et (approxi-
mated by use of fossil fuel energy sources), and zt = (Et−1, Et−2, . . . ) is the history
of emissions. Production function is Cobb-Douglas, and climate change damages are
described through a multiplicative factor,

Yt = Ω(zt)Kα
t [At(Et, Lt)]

1−α, (3.2)

where α ∈ (0, 1), and Ω(zt) represents the (negative) effect of past emissions on
total factor productivity of the economy, ∂Ωt/∂Et−j < 0, ∀j ≥ 1. At(Et, Lt) has
constant returns to scale and is time dependent, representing effective productivity
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of the energy-labor composite.8 When convenient, we write at ≡ At/Lt as labor-
augmenting productivity, which only depends on per labor emissions, at = at(et),
with et ≡ Et/Lt. One can rearrange the production function into per labor terms to
get

yt = Ω(zt)kα
t a1−α

t , (3.3)

where yt ≡ Yt/Lt and kt ≡ Kt/Lt are output- and capital-labor ratios, respectively.

Assumption 3.1. Labor-augmenting productivity, at(et), is continuously differentiable, in-
creasing in emissions per labor and strictly concave, a′t > 0 and a′′t < 0 for et < emax

t , a′t = 0
for et ≥ emax

t . Emissions are not essential for production of output, at(0) > 0, a′t(0) < ∞.

We keep a general climate impact structure. Golosov et al. (2014) relate climate
impacts to atmospheric CO2 stocks, while Gerlagh and Liski (2018b) provide an in-
depth discussion of the impact function based on delays in temperature change.9 The
general formulation is

Ω(zt) = exp(−
t−1

∑
i=1

θiEt−i), (3.4)

where θi is a climate factor that includes carbon cycle dynamics and temperature ad-
justments. One unit of emissions at time t, i.e. Et, reduces output i periods later,
in relative terms, by θi. The typical shape of the sequence θi is hump shaped, with
a steep increase in the first years when temperatures quickly adjust to the thermo-
dynamic equilibrium associated with higher CO2 concentrations, and then gradually
decrease when CO2 leaves the atmosphere into the biosphere and oceans. See van den
Bijgaart et al. (2016) for a more elaborate discussion.

Each period, a representative firm uses capital K, labor L and emissions E to pro-
duce a final good and maximizes profits

max
{Kt,Lt,Et}

F(Kt, Et, Lt; zt)− rtKt − wtLt − ptEt, (3.5)

where pt refers to the carbon emissions price, and the firm considers Ωt as given. The
first-order conditions imply

rt = α
Yt

Kt
, (3.6)

wt = (1− α)Yt
AL,t

At
, (3.7)

pt = (1− α)Yt
AE,t

At
, (3.8)

where AX,t is the derivative of At with respect to Xt for Xt ∈ {Lt, Et}.
8We use the term energy here as shorthand for fossil fuel energy, which is assumed proportional to

emissions.
9Gerlagh and Liski (2018b) show that neglecting the temperature delay leads to a substantial increase

in the social cost of carbon estimate.
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To optimize tractability of the model, as in the recent macro-climate literature, we
impose full capital depreciation,

Ct + Kt+1 = Yt, (3.9)

where Ct denotes aggregate consumption. The capital stock is accumulated from the
total savings, i.e. Sg

t + Ntst (see below) one period ahead and, thus, the marginal
product of capital, rt+1, can be interpreted as a measure of the relative price between
periods t and t+ 1, so that Yt+1/rt+1 is the value of the next period’s output converted
in today’s units. It will be useful to rewrite the FOC for capital (3.6) so that it informs
us about the relative value of future output compared to current output:

bt+1 ≡
Yt+1/rt+1

Yt
=

it

α
. (3.10)

with it = Kt+1/Yt the aggregate investment rate. Compounding periods, we find
that the relative value of future output at t + i compared to present output at t is
determined by the investment rates over all periods in-between:

Bt+i
t ≡ Yt+i

Rt+i
t Yt

=
i−1

∏
j=0

it+j

α
. (3.11)

where we define Rt+i
t = Πi

j=1rt+j as the measure for the compounded capital returns,
and Bt+i

t the relative value of future output.
The left-hand side is a meaningful measure of dynamic efficiency, which is guar-

anteed if the value of future output relative to present output is bounded from above,
i.e. limt→∞ Bt

1 < ∞. A simple and sufficient condition to attain dynamic efficiency
is to prevent overaccumulation of capital: investments must not exceed the output
share of capital: ∀t : it ≤ α ⇒ ∀t : Bt

1 ≤ 1, which we will assume or ensure to hold in
equilibrium.

3.3.2 The Social Cost of Carbon

Pareto efficiency requires the carbon price pt to equal the Social Costs of Carbon
(SCC), which is defined as the net present value of future marginal damages eval-
uated at market prices

SCCt = ∑∞
i=1

1
Rt+i

t

∂Yt+i

∂Ωt+i

−∂Ωt+i

∂Et
. (3.12)

When we substitute the damage structure (3.4) in the production function (3.2), and
use the FOC for capital (3.11), we find a simple rule for the SCC:

SCCt = ∑∞
i=1

θiYt+i

Rt+i
t

= Yt ∑∞
i=1 θiBt+i

t = gtYt, (3.13)
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where gt = ∑∞
i=1 θiBt+i

t is the carbon price-GDP ratio, and Bt+i
t is the net present value

of future output, at t + i, relative to current output (3.11).
Formula (3.13) for the carbon price is similar to carbon price formulas presented in

Golosov et al. (2014), van den Bijgaart et al. (2016), and Gerlagh and Liski (2018b). The
Ramsey (infintely lived agent) planner structure imposed in these models guarantees
that gt is constant over time, calculated as the interaction between preferences and
damage delays, with the implication that the carbon price increases proportionally
with output; for a larger economy damages from emissions cost proportionally more.

What is novel in our analysis is that we study how gt varies with time as a result
of demographic change, and we assess its quantitative implications for reasonable
preference and demography estimates.

To fully appreciate the relevance, let us quickly look at some cases established
in the literature. Above we borrowed convenient features from the Brock-Mirman
model: a constant capital elasticity of output (α) and full capital depreciation. Previ-
ous literature often add to these a representative infinitely-lived consumer with log-
arithmic utility and time discount factor β. The assumptions combined ensure that
in each period savings are a constant fraction of income, it = αβ, so that the rela-
tive value of outputs declines geometrically. This is sufficient to have constant policy
parameter gt: Bt+i

t = βi ⇒ g = ∑i βiθi.
If we fill in details on the climate model, we can specify the social costs of carbon

and explicitly trace its dependence on preferences (β) interacting with climate param-
eters. Assume a climate model where damages are proportional to the excess amount
of atmospheric carbon dioxide, scaling proportionally with factor θ. Then we consider
a carbon cycle model where shares aj (∑j aj = 1) of emitted carbon dioxide depreciate
at rate 1 − δj, thus δj measures the atmospheric CO2 persistence. That is, we have
θi = θ ∑j ajδ

i
j. The Ramsey consumer combined with a CO2 stock damages model

immediately produces the social costs of carbon as SCCt = Ytθ ∑j ajβδj/(1 − βδj)

(Golosov et al., 2014).
We can now appreciate the insights gained through the SCC formula (3.12), as it

enables us to analytically gauge the importance not only of the values of parameters,
but also the assumed structure of preferences and climate damages. Gerlagh and
Liski (2018a) point out that temperature change does not immediately respond to the
increase in atmospheric carbon dioxide. Say global temperatures adjust with speed
ε to the new equilibrium temperature. The response function θi becomes somewhat
complicated, but the social costs of carbon remains surprisingly simple10 and they
show that temperature delays correct the social costs of carbon by about factor half.

Surprisingly, adding temperature delays also opens the door to a more simple re-
sponse function θi. Recent physics insights suggest the combined carbon cycle and
temperature delays together imply an almost immediate and constant temperature
reponse to emissions, captured as constant θi = θ. A very convenient carbon pricing
rule comes out: SCCt = Ytθβ/(1 − β). The latter formula is sufficiently simple to

10SCCt = Ytθ ∑j βεδj/[(1− βδj)(1− β(1− ε))]
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enable a back-of-the-envelop application, and to interpret major debates in the litera-
ture. Climate sensitivity is estimated to be likely somewhat above half a degree Cel-
sius per TtCO2 emitted. Climate damages are often estimated to be around 1 per cent
of output per degree Celsius. Taking these together, we arrive at θ = 0.0055/TtCO2.
In a decadal model, current output measures about 700 trillion AC, while the time pref-
erence factor may be set at β = 0.8 (pure time preference of 2 per cent per year).
Together, that gives a carbon price of 15 AC/tCO2. The formula reveals the two major
subjects of debate in the literature. Some researchers express concerns that climate
damages are insufficiently acknowledged and estimate much higher values for θ, es-
pecially when temperature rise exceeds 2 degrees Celsius. Other researchers favor
ethical guidelines resulting in values of β close to 1, raising the carbon price poten-
tially by magnitude. Stern (2008) empasizes both features as reasons for concern with
typical model outcomes, and accordingly advises a much higher social costs of car-
bon.

To summarize the above, strong assumptions on the consumer side regarding sav-
ings behavior, as captured through an infinitely lived household, is key to the results
in the literature. In this manuscript, we relax the household assumptions and extend
the analysis to OLG economies as these are better equipped to describe structural
changes in savings patterns that arise from demographic change.

3.3.3 Households

Each agent lives with certainty during her first period, e.g. period t. We model life-
expectancy through a probability ht+1, representing the survival rate of generation t to
their second period. Individuals work when young and consume their savings when
old. The size of each generation is denoted by Nt, with Nt = ntNt−1, and the total
population is Mt = Nt + htNt−1. Only the young generation works. labor supply, Lt,
is assumed to be inelastic, Lt = Nt. The household chooses consumption and savings
to maximize life-time utility,

max
{c1,t,c2,t+1,st}

ut = u1,t + δht+1u2,t+1, (3.14)

where u1,t = ln(c1,t), u2,t+1 = ln(c2,t+1), subject to the budget constraints when young
and old,

c1,t + st = (1− χnt+1)(wt + τt), (3.15)

c2,t+1 =
rt+1

ht+1
st, (3.16)

where c1,t and c2,t+1 denote consumption per living adult at young and old age, st is
savings, δ ∈ (0, 1) refers to the utility discount factor, ht+1 ∈ (0, 1) is the probability
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of surviving (longevity) which varies exogenously over time, so that c1,t is consump-
tion of a representative young household, and c2,t+1 is consumption when old.11 The
variable rt+1 is the return to savings, wt represents the wage that individual earns for
supplying labor inelastically, τt is the per capita government lump-sum transfer (re-
cycling of carbon tax revenues, discussed below), nt+1 is the exogenous fertility rate
of generation t, measured as children per parent,12 and χ ∈ (0, 1) denotes the fraction
of income that is spent for raising children, per child per parent (Cipriani, 2014; Fanti
and Gori, 2012).

Note that we study the effects of (exogenous) demographic changes on climate
policies. By considering endogenous fertility and health choices, as in Becker and
Lewis (1973), the analysis can be extended to describe demographic policies as part of
climate change policies (Harford, 1998; Murtaugh and Schlax, 2009; Bohn and Stuart,
2015).13

The first-order conditions give the usual Euler equation:

c2,t+1

c1,t
= δrt+1. (3.17)

Using the Euler equation and the budget constraints (3.15,3.16), the savings of house-
holds can be derived as

st =
δht+1(1− χnt+1)(wt + τt)

1 + δht+1
. (3.18)

For analysis, we formalize the demographic patterns observed in Fig 3.1, and assume
that demography trends to some long-term stationary state.14

Assumption 3.2. Life-expectancy is non-decreasing, ht ≤ ht+1, convergent, ht → h∞ ≤
1, and concave over time 2ht+1 ≥ ht + ht+2. Fertility is non-increasing, nt ≥ nt+1 and
convergent, nt → n∞ > 0.

3.3.4 Public Policy

The government can set carbon taxes pt, and lump-sum income transfers τt. Public
budget satisfies the dynamic equation

Sg
t = rtS

g
t−1 + ptEt − Ntτt, (3.19)

where Sg
t is public savings (debt if negative), and we require the long-term budget

constraint lim
t→∞

Sg
t /Rt

1 = 0.

11Note that we assume perfect annuity markets so that households are compensated given the risk of
not surviving until the next period.

12For notational convenience, the model deviates from the typical measure of fertility as children per
female.

13These papers do not look at the effect of demography on climate policies through capital markets.
14Concavity for life-expectancy is a natural property for an increasing convergent sequence.
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We discipline government policy demanding that no income is transfered between
generations, i.e. Sg

t = 0, unless a deviation is required for preventing capital overac-
cumulation (Abel et al., 1989). That is, we implement the constraint it ≤ α through
allowing public debt if needed to prevent capital overaccumulation.

Sg
t = min{0, αYt − Ntst}. (3.20)

In addition to the dynamic efficiency considerations, the government implements a
climate change cost-benefit approach, setting the carbon price equal to the social costs
of carbon. Intuitively, the government implements the carbon tax, i.e. pt, according
to the social cost of carbon.

3.4 Equilibrium

3.4.1 Government Policies

We define the competitive equilibrium as follows:

Definition 3.1. Given the parameter set {χ, δ, α, (θi)}, an efficient competitive equilibrium is
an allocation {c1,t, c2,t, st, Yt, Kt+1, Et}∞

t=1, supported by prices and transfers {rt, wt, pt, τt}∞
t=1

such that (i) households maximize their life-time utility, (3.15-3.17), (ii) firms maximize prof-
its, (3.6-3.8), (iii) the aggregate goods market clearing condition holds, (3.9), (iv) and the
government implements efficient climate policy (3.12) while keeping its budget constraint
(3.20).

We characterize the efficient equilibrium in the following proposition and use super-
script asterisk for its label:

Proposition 3.1. The efficient competitive equilibrium has investment rates that decrease
with current fertility nt+1 and increase with current life-expectancy ht+1:

i∗t =
K∗t+1

Y∗t
= α min

{
1,

δht+1(1− χnt+1)(1− α)

(1 + δht+1)α

}
. (3.21)

The carbon price equals the social cost of carbon and is proportional to income. It decreases
with current and future fertility nt+j and increases with current and future life-expectancy
ht+j :

p∗t = Y∗t
∞

∑
i=1

θi ∏i
j=1 min

{
1,

δht+j(1− χnt+j)(1− α)

(1 + δht+j)α

}
. (3.22)

Proof. In appendix 3.A.2.

The proposition reveals various important features. Notably:

Corollary 3.1. The investment rate increases over time, K∗t+1
Y∗t
≤ K∗t+2

Y∗t+1
, and carbon prices grow

faster then the economy p∗t
Y∗t
≤ p∗t+1

Y∗t+1
.
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Without demographic change, Nt = N and ht = h, we are back in the model by
(Golosov et al., 2014), where the savings rate is constant, K∗t+1

Y∗t
= αβ, carbon prices are

proportional to output, p∗t
Yt

=
p∗t+1
Yt+1

, and given by

p∗t = Yt

∞

∑
i=1

θiβ
i,

for constant β = min
{

1, δh(1−χ)(1−α)
(1+δh)α

}
.

We see that the weights given to future output increase with a population’s life ex-
pectancy, not because longevity increases the population size per se, but through
changes in savings decisions (3.11), and indirectly the weights given to future con-
sumption. A reduced fertility also increases the weight of future generations, while
it decreases the size of a future’s population. The features originate in savings re-
sponses to demographic change, consistent with a growing body of empirical litera-
ture (Backus et al., 2014; Bloom et al., 2003, 2007; Carvalho et al., 2016; Chen and Wen,
2017; Curtis et al., 2015; Eggertsson and Mehrotra, 2014; Imrohoroglu and Zhao, 2018;
Krueger and Ludwig, 2007; Rognlie, 2016; Sánchez-Romero, 2013).

3.5 Quantitative assessment

The general approach in the IAM literature is that parameters are calibrated on the
basis of historically observed macro variables, future expected trends for exogenous
variables, and then the model is used to project forwards endogenous variables such
as output, investment and consumption paths.

In this section, we quantitatively evaluate carbon prices paths for the next hun-
dred years. A key characteristic of our assessment is that, though the analytical model
is defined for periods that span many years, we set up our calibration and simulation
such that all variables are calculated on an annual basis.

First, we specify the calibration of annual values for life expectancy, ht+1, and
fertility rate, nt+1. Then we describe the annual climate response function θi. These
parameters are used to calibrate the preference parameter δ, so that we reproduce
the effective discount factor as in Golosov et al. (2014) in 2010. We set χ = 0.1 for
the consumption share of children; this means that a family of two parents and ten
children, which was not uncommon in the 1960s would split consumption in a half
part for the parents and the other half for the children.15 We subsequently calculate
the output weights bt for other years, expressed as annualized variables. The RCK
models’ output weights bt depend on economic growth for those scenarios where the
elasticity of marginal utility is not equal to one. Finally, we bring all the variables
together to determine the social costs of carbon for the various models.

15In 1960, worldwide average fertility was 5; see Fig 3.1. A higher value for χ results in higher carbon
prices. Our parameter choice is, in that sense, conservative.
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3.5.1 Demographics calibration

Our benchmark model considers 30 years per period, excluding childhood, so that
life time is maximally two periods. We find in the education-life expectancy data
that each year increase in life expectancy is matched, on average, by a quarter year of
extra cumulative education; details are presented in Appendix 3.A.1. We proxy this
empirical finding as follows. For low-income countries with low life expectancy of
60 years, we assume that consumers enter the labor force at age 15. For high-income
countries with life expectancy of 80 years, we assume that the average consumer starts
working at age 20. Assuming a smooth transition between the low and high-income
countries, we calibrate our parameter ht+1 through

ht+1 = 0.025LEt − 1,

where LEt stands for life expectancy. We calculate the parameter, ht+1, for each year
t. We use the medium-variant projection of world average data that come from the
United Nations World Population Prospects, 2015 revision. Projections are avail-
able in five-year time intervals, which we linearly interpolate for annual time se-
ries. We cap the model life expectancy at ht+1 = 1 for projected world average life-
expectancies exceeding 80 years.

We calculate the number of children per adult as half the births per woman. We
thus define

nt+1 = FRt/2.

where FRt is the fertility rate (births per woman); the historic estimates and projec-
tions come from the same UN database.

3.5.2 Preferences calibration

In order to create time series for the discount factor bt, in the calibration of the OLG
model, we determine parameter δ such that bt, as defined in (3.10), equals the discount
factor b = 0.985 used in Golosov et al. (2014) at 2010. The annualized value ratio
associated with the year 2010 is then given by b1/30

t . Thus, to calibrate our parameter
δ, we set α = 0.3, χ = 0.1, life expectancy h2010 = 0.61, fertility n2010 = 1.29, output
discount factor b2010 = βGHKT = 0.98530 and solve for δ as follows:

δ =
αb2010

h2010[(1− α)(1− χn2010)− αb2010]
= 0.747

3.5.3 Discount factor calculation

Using the above values for the capital share α, preferences δ, life expectancy ht+1, we
simulate the time series for bt from (3.10). Figure 3.2 depicts the effective discount
rate, 1− bt, presented in annual values and calculated backwards recursively, of our
benchmark model. To relate our approximation to previous analysis, it also displays
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the effective discount rate used in Golosov et al. (2014), which abstracts from demog-
raphy.

FIGURE 3.2: Effective discount rate, 1− bt, 1980-2100
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Notes: The year 2010 is indicated with a vertical line. bt is calculated as in equation (3.10). The parameter
δ is calibrated such that in 2010, the annualized value of b2010 corresponds to 0.985, as in Golosov et al.
(2014).

The outstanding feature of the figure is the clear downwards trend resulting en-
dogenously in our OLG model versus an constant effective discount rate assumed in
an RCK models with log-utility. In our model, global demographic patterns, specially
the worldwide rise of life-expectancy, lead to a rise of the value of future output bt.
As we show below, these divergent patterns for the discount factor have a significant
impact on carbon prices.16

3.5.4 Climate dynamics calibration

We use a stylized climate module as in van den Bijgaart et al. (2016) and Gerlagh and
Liski (2018b). The dynamics of damages θi are governed by carbon exchange between
reservoirs, which is conveniently described through an exponential CO2 decay func-
tion. Damages follow temperature, which slowly converges to its equilibrium level
for given atmospheric CO2; a higher atmospheric CO2 content leads to slowly increas-
ing damages. The reduced form (Gerlagh and Liski (2018b), Theorem 1), is given by
a ’multi-box’ representation,

θi = ∑j ∑k ajbkπεk
(1− ηj)

i − (1− εk)
i

εk − ηj
, (3.23)

16Notice also that with constant life expectancy h and nt+1 = 1, our model would match the discount
factor in Golosov et al. (2014).
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where ηj are the atmospheric depreciation rates, εk are the temperature adjustment
speeds, aj and bk are the shares of the relevant processes, and π is the long-run
emissions-damages sensitivity. We take the parameters from van den Bijgaart et al.
(2016), Table 6 and 7, for the median carbon model, a = (0.220, 0.279, 0.278, 0.222),
η = (0, 0.0035, 0.0507, 0.2892), and temperature models, b = (0.2218, 0.3306, 0.4476),
ε = (0.9787, 0.1980, 0.0036), π = 0.0167. These parameters indicate that 22 per cent
of emissions remain in the atmosphere ’forever’, while the same share very quickly
transits to other carbon reservoirs (at about 30% per year). Also, about 22% of temper-
ature adjustment is virtually immediate, while almost half of temperature adjustment
only happens after more than a century.

3.5.5 The social cost of carbon

We have now everything in place to determine the social costs of carbon. The carbon
price-GDP ratio gt, as defined by (3.13), are calculated. We then multiply the values
for gt by output Yt to quantify the social costs of carbon. For comparability, we set
output equal in both scenarios so that differences purely come from different returns
on capital.

Figure 3.3 displays the social cost of carbon for the models considered. The im-
plied carbon price at 2020 based on a model structure with constant effective discount
rate (cf Golosov et al., 2014) is about 26 AC/tCO2, growing in-step with the size of the
economy. Our model calculates a carbon price rising faster than the economy, but
also at a much higher level, amounting to about 82 AC/tCO2, exceeding by magni-
tude the objectives stated in the Paris Intended Nationally Determined Contributions
(INDCs). The carbon price in our OLG model at 2100 attains a value of 760 AC/tC02,
a price that is approximately about four times higher than the carbon price derived
from a model with no demography as in Golosov et al. (2014). These results suggest
that demographic patterns are an important factor in the calculation of the social costs
of carbon.

3.6 Discussion

We have shown that changing savings patterns related to demographic change also
lead to changes in the social evaluation of future climate damages. The formal results
are demonstrated in a specific setting exploiting some methodological simplifications.
One might ask whether our results on capital returns also arise in more sophisticated
OLG models with different utility function, capital depreciation, factor productivity
growth, fertility decisions, time for children, bequests, and many other alternative
features. While not able to provide an analytical solution, we could test robustness
through adding a set of alternative scenarios. Yet, adding an ensemble of scenarios
would distract the reader from our main contribution. We do not aim at adding a
new set of estimates. We have shown, in a precise way, the SCC sensitivity to future
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FIGURE 3.3: The social cost of carbon, 2000-2100
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changes in economic fundamentals such as demography. To our knowledge, while
the results are not surprising in hindsight, the assessment has not been carried out
before and no-one has pointed to the effect of demography on carbon prices as we
did.

While recognizing limitations of our focused approach, we think the overall mes-
sage is robust, supported by ample empirical evidence pointing in the direction that
we explored. The consistently declining real interest rates observed over the last
decades suggest a transition to a (future) capital market characterized through a down-
wards pressure on investment returns. Including mechanisms that explain these
trends in an integrated assessment model has substantial impact on climate mitiga-
tion policies. We explored demographic change as one driver of the changing demand
for capital investments, yet the implications of our study are more general. The as-
sessment of long-term climate policies requires an evaluation of structural changes in
the economy that affect demand and supply for capital. Climate change policy mak-
ing needs to consider the dependence of the social costs of carbon on low-frequency
phenomena that do not appear immediately as relevant, yet indirectly are through
their effects on capital markets: a rise in inequality, the decline of population growth,
the rise of capital-extensive services, and the decrease in costs of capital goods rela-
tive to GDP. Our contribution has been to show that macro-economic low-frequency
dynamics indeed shift the social costs of carbon, and can be studied both analytically
and quantitatively in a framework similar to those currently in use in the macro-
climate literature.
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3.A Appendix

3.A.1 Data and projections for calibration

Using cross-country data from both the World Bank and Barro and Lee (2013) database,
we evaluate the relationship between life expectancy at birth and years of schooling
in our calibration year. Figure 3.A.1 shows a positive correlation between these two
variables.

FIGURE 3.A.1: Educational Attainment and Life Expectancy, 2010
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Notes: Source: World Bank Database for cross-country data about life expectancy at birth (years). Edu-
cational attainment is measured through years of schooling, the underlying data come from Barro and
Lee (2013). Data for 123 countries at 2010.

In particular, with a database for 123 countries, we find that in average one year in-
crease in life expectancy is associated significantly with a quarter year of extra cumu-
lative education. The regression below presents the main result, t-statistics in paren-
theses using robust standard errors:

Years of schoolingi = −9.84
(−6.38)

+ 0.25
(12.1)

× Life expectancyi; N = 123, R2 = 0.52

The world GDP per capita data is obtained from ‘World Development Indicators’
of the World Bank. The GDP per capita for 1960 till 2015, in constant 2010 U.S. dol-
lars, is available in the aforementioned dataset. The projection of this variable beyond
historical data and up to 2100 is done based on a SSP1 scenario. We picked the second

1Shared Socio-economic Pathways are 5 scenarios for the path ahead of the world economy. These
scenarios differ in terms of socioeconomic challenges for mitigation and adaptation activities. The sce-
narios are discussed in O’Neill et al. (2014).
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scenario, i.e. SSP2, which assumes moderate challenges in the future of environmen-
tal policies. Leimbach et al. (2017) predict the GDP per capita, under SSP2 scenario,
to grow on an average rate of 2% per year from 2010 till 2100.

3.A.2 Proofs

First we establish an auxiliary lemma. If we have the condition SCCt = gtYt, then for
given gt, a unique Et comes out of competitive equilibrium. Note that gt is indepen-
dent of the current capital stock or future policies. Conditional on Assumption 3.1,
and given capital and labor supply, the next lemma establishes a unique equilibrium,
for each period independently, in case gt is considered a parameter, and pt = gtYt is
implemented as the carbon price.

Lemma 3.1. For any given Lt > 0, and 0 ≤ gt ≤ (1− α)
AE,t(0,Lt)
At(0,Lt)

, there is a unique Et ≥ 0
such that

(1− α)
AE,t(Et, Lt)

At(Et, Lt)
= gt.

Proof. In intensive form, we have to prove that there is an et such that

gtLtat(et) = (1− α)a′t(et),

where et = Et/Lt is the emission intensity. According to assumption 3.1, the LHS
is increasing in et, while the RHS is decreasing in it. From the inequality assumed in
this lemma, for et = 0 we have that the LHS is less than the RHS. Moreover, according
to assumption 3.1, for et = emax

t we have that the LHS exceeds the RHS (which then
equals zero). Since both at(et) and its first derivative are continuous, there must be an
et = Et/Lt for which the RHS equals the LHS.

For interpretation, it is useful to see that, in our economy, emissions versus output
tend to follow a so-called Environmental Kuznets Curve. For low output levels (low
levels of factor supply), carbon prices are negligible and emissions increase approxi-
mately proportional with factor supply and output. For high output (factor supply),
the term (1− α)

AE,t(0,Lt)
At(0,Lt)

falls below gt, and emissions become zero. Stated the other
way round, for high values of gt, emissions are zero and the equality becomes an
inequality. That is, emissions start low, increase with factor supply, peak, and then
decrease with further rising factor supply.

The above lemma proves existence of a competitive equilibrium for any climate
policy parameter sequence gt. The next proposition shows how the investment share
varies with demography, and how the social costs of carbon vary along.

Proposition 3.1

Proof. For the first part of the proposition, it is sufficient to show that for any carbon
pricing rule pt = gtYt, for given sequence gt ≥ 0, a unique dynamic-efficiency policy
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competitive equilibrium exists, in which the investment shares satisfy

Kt+1

Yt
= αbt+1, (3.A.1)

where bt+1 depends on demography, but not on carbon policies:

bt+1 = min
{

1,
δht+1(1− χnt+1)(1− α)

(1 + δht+1)α

}
. (3.A.2)

The above follows from induction; we start to establish an allocation and prices
for t = 1, and then continuing for increasing t.

In the first period, the capital stock, K1 is known, labor supply L1 = (1− χn1) is
inelastic, and the emission price must satisfy p1 = g1Y1. Using the firm’s optimization
on emission, (3.8), and Lemma 3.1, we establish a unique level of emissions of the firm
in period one. Therefore, we have pinned down E1, as well as L1 and K1. The wage
rate and the rate of interest in the first period are then determined by (3.7) and (3.6).
The transfer in the first period is then

τ1 =
p1E1

N1
.

and income of the young equals (1− α)Yt. Because of logarithmic utility, a fixed share
is consumed when young, the remainder saved.

N1c1,1 =
(1− α)(1− χn1)

1 + δh1
Yt. (3.A.3)

The consumption of the old in the first period equals the value of capital

N0h1c2,1 = αYt. (3.A.4)

It follows immediately from the aggregate goods market equilibrium (3.9) that the
remainder of output is invested. Together with (3.6) and (3.20), this establishes (3.A.1)
and (3.A.2).

The second part of the proposition follows immediately from (3.13).
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Chapter 4

RESOURCE-RICHNESS AND ECONOMIC
GROWTH IN CONTEMPORARY U.S.1

4.1 Introduction

The impact of natural resource abundance on economic growth is the object of a crit-
ical academic and policy debate. Since Auty’s (1993) seminal contribution, several
studies have reported and discussed a negative correlation at the country level be-
tween resource abundance and economic growth rates, coined the resource curse
(Rodriguez and Sachs, 1999; Sachs and Warner, 1995, 1999; Auty, 2001; Sachs and
Warner, 2001; Papyrakis and Gerlagh, 2004). Various explanations have been pro-
vided, e.g. Dutch disease mechanisms, volatility in commodity prices, institutional
aspects, corruption, rent-seeking, and conflict.2 Some studies, however, have also
pointed to endogeneity and reverse causality concerns plaguing the statistical analy-
ses (Brunnschweiler and Bulte, 2008).

After making great strides with cross-country studies, recent empirical analyses
for the United States have added more depth to our understanding of the resource
curse by exploiting within-country variation and corroborating previous negative
cross-country results (Guilló and Perez-Sebastian, 2015; James and Aadland, 2011;
James and James, 2011; Boyce and Emery, 2011; Papyrakis and Gerlagh, 2007). Us-
ing data for the US states over the period 1997-2014, however, this paper documents
a positive relationship between natural resource abundance and economic growth,
both in cross-sectional and panel data specifications, and aims to provide a discus-
sion of the main mechanisms behind this reversal of fortunes.

We argue that in order to understand these facts, it is important to bear in mind in-
dustry composition within the primary sector. As shown in Caliendo et al. (2018) and
James (2015a), sectoral heterogeneity can help us to explain the aggregate economic
activity. We thus begin by considering three resource sectors separately: oil&gas,
agriculture, and other mining (see Clay and Portnykh, 2018, for a similar sectoral
examining). In particular, by taking into account sector-specific demand and sup-
ply shocks, we provide the first in-depth empirical analysis of the effects of resource

1This chapter is based on joint work with Reyer Gerlagh
2Frankel (2010), van der Ploeg (2011), Cust and Poelhekke (2015), Badeeb et al. (2017), van der Ploeg

and Poelhekke (2017) and Papyrakis (2017) provide excellent surveys of this literature.
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windfalls coming from resource price booms and technical change within the United
States using US-state level data.

Specifically, we consider resource exploitation innovations and commodity price
booms as particular channels that changed the fortune of resource-abundant states.
The fate of resource-rich US states, during the late 1990s and mid-2000s, is intimately
connected to two resource technology revolutions. The large-scale introduction of
genetically modified crops, around 1996, and the development of tight oil and shale
gas, ten years later, substantially increased production in the respective resource sec-
tors. Moreover, the 2005 federal Energy Policy Act boosted demand for energy crops,
pushing up agricultural prices. The technology revolutions and the federal demand
policies thus provide a natural experiment to test ideas about the relationship be-
tween natural resource endowments, economic growth rates, commodity prices and
transmission variables in US states, and to revisit the resource curse hypothesis within
the United States.

To separate supply and demand shocks, we exploit initial cross-state differences in
resource abundance and time-series variation in productivity, and commodity price
indexes at the industry level, following a method previously laid out in Allcott and
Keniston (2017), Berman et al. (2017), Dube and Vargas (2013) and Acemoglu et al.
(2013). The evidence suggests positive and statistically significant effects on annual
economic growth rates coming from rising commodity prices for agricultural and
mining (excluding oil&gas) sectors, while these sectors do not show a contribution to
growth from technological change. In contrast, although we do not find price effects
coming from the oil&gas industry, the empirical estimates indicate strong and posi-
tive effects of the tight oil and shale gas technological revolution on economic growth
in fossil fuel-abundant US states.

Our data show that all three resource industries considered were significant con-
tributors to growth over the period 1997-2014. To get a handle on the timing of events,
we split the period in pre- and post-2007. The period split shows that the agricultural
sector contributed positively in both periods. The mining sector’s contribution mate-
rialized mostly in the first period 1997-2007. The oil&gas sector contributed to growth
mainly in the second period 2007-2014. We exploit the panel data structure to sepa-
rate supply from demand factors. For the first period, we identify the adoption of
genetically engineered seeds (commercially released in 1996), while for the second
period we identify energy policies as a cause for the agricultural sector’s contribution
to growth. For mining, we identify pre-2007 high international commodity prices as
explaining factors. For oil and gas, we thus identify post-2007 tight oil and shale gas
innovations (e.g. new horizontal drilling and hydraulic fracturing techniques) lead-
ing to a rapid oil and gas production increase after a long period of a gradual decline,
as the main cause for the sector’s contribution to growth.

This paper contributes to several strands of literature. First, it relates to previ-
ous studies that use within-country variation in resource abundance. For instance,
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Papyrakis and Gerlagh (2007) show that, for US states over the period 1986-2000, nat-
ural resource abundance is negatively correlated to growth-enhancing activities such
as investment and private schooling, and positively correlated to corruption. James
and James (2011) and James and Aadland (2011) report empirical evidence of a natu-
ral resource curse in the United States at the state and county level, respectively.3 The
latter study uses personal income data at the county level over the period 1980-2005
and finds that mineral resource abundance decreases growth, even after controlling
for education levels, poverty rates, population density, and age distribution. They
point at commodity price movements leading to low growth rates in the mining sec-
tor as one of the causes for the local resource curse.4 We add to this literature a new
statistical analysis of this relationship by means of more recent disaggregated data in
the primary sector and different empirical methodologies, and our results suggest a
resource blessing.

Another development in the literature identifies causality by using region and
period-specific dynamics in resource markets.5 Using county data for Kentucky, Ohio,
Pennsylvania, and West Virginia, Black et al. (2005) report a positive effect of the coal
boom in the 1970s on employment and income levels. Michaels (2010) finds a positive
oil-abundance effect in Southern US. Exploiting geographic and temporal variation
in the fracking revolution, Feyrer et al. (2017) also identity positive effects of fossil
fuel resources on income and employment in US counties. Using county data from
1960 to 2014, Allcott and Keniston (2017) find positive effects on local real wages dur-
ing oil and gas booms. Jacobsen and Parker (2016) analyze the impacts of resource
booms on employment, wages, and personal income in US counties, using variation
in oil prices and the location of oil and gas reserves to establish causality. They find a
negative long-run relationship between personal income and oil endowments which
suggests a resource curse at the county level.6 James (2017) considers the effects of
real oil price booms on education spending over the period 1970-2008, and he finds
a significant positive impact on the provision of public education and no effect on

3Similar results for the US states can be found in Boyce and Emery (2011) and Guilló and Perez-
Sebastian (2015), from a theoretical and empirical point of view. Conversely, controlling for factor mo-
bility, Raveh (2013) finds a positive relationship between the share of primary sector in GDP (and the
share of mining in GDP) and growth of the manufacturing sector across US states.

4James (2015a) also provides evidence of this fact using cross-country data during certain periods
which are selected in order to follow oil price booms and busts. In contrast, for a set of countries,
Alexeev and Conrad (2009) show that mineral resources, in general, have a positive impact on per capita
income levels. See also Alexeev and Chih (2017) for a detailed analysis of the impact of oil price shocks
on economic growth in US states over the period 1987-2014.

5Marchand and Weber (2018) provides an excellent literature review about the effects of resource
windfalls on local labor markets.

6In contrast, Bartik et al. (2019) find that shale gas-rich counties reported increases in total income, lo-
cal employment, and salaries after discovery. Using data for Texas, Hartley et al. (2015) also find positive
effects on local employment coming from the shale gas revolution, but no impact on wages. Likewise,
exploiting data for the Marcellus region, Paredes et al. (2015) document positive and significant shale
gas extraction effects on local employment, but no income effects. At the US state level, Agerton et al.
(2017) also find positive impacts on employment of oil and gas exploration and production. Moreover,
Rickman and Wang (2020) point to differential employment effects of oil and gas shocks in Louisiana,
North Dakota, Oklahoma and Wyoming.
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private education spending.7 We contribute to these analyses by interacting cross-
sectional variation in resource production across US states and time-series variation
in both productivity, growth, and commodity prices in specific industries within the
primary sector.

In particular, the supply-side identification relates our study to the literature on
technological innovation and commodity prices.8 Kilian (2016) provides an overview
of the impacts of improved tight oil technologies on oil production and gasoline, in
a historical perspective. He points to infrastructure constraints, uncertainty, interna-
tional trade, and quality differences between tight oil and standard oil, as reasons why
oil and gasoline prices did not drop immediately after the increase in supply around
2007.9 Arezki et al. (2017) documents the gas price-gap between the US and Europe,
opening after 2007, resulting from the US shale gas revolution.10 Both Michielsen
(2013) and Arezki et al. (2017) present evidence of positive effects on US manufactur-
ing production and trade, specifically, for energy-intensive industries.

The demand-side identification connects us to the literature on agricultural com-
modity price developments.11 Avalos (2014) examines the 2005 renewable fuels stan-
dard and its effect on agricultural prices. He shows that the policy generated a strong
relationship between corn and oil prices.12 Indirectly, the price correlation even spills
over to substitute crops such as soybeans. Using a counterfactual analysis, Carter
et al. (2017) find that, particularly from 2007 to 2014, biofuel policies raised corn prices
by 30% in comparison with a scenario without intervention.13

Finally, this paper also relates to the literature that connects resource wealth and
commodity price effects on growth-deterring variables such as crime rates (Coutte-
nier et al., 2017; James and Smith, 2017), conflict (Berman et al., 2017; Parker and Vad-
heim, 2017; Bazzi and Blattman, 2014; Dube and Vargas, 2013), poverty and inequal-
ity (Smith et al., 2018; Couttenier and Sangnier, 2015; Betz et al., 2015). In this line
of research, we also document a significant and positive correlation between oil&gas

7We extend James (2017) by studying the specific effects of both private and public education spend-
ing on economic growth. To identify the latter channel, we document the impact of fiscal policy, partic-
ularly of distortionary taxes, as in Kneller et al. (1999) and Blankenau et al. (2007).

8Ferraro and Peretto (2017) develop an endogenous growth model and show that whereas commod-
ity prices are correlated with short-run economic growth, this effect vanishes in the long run due to
market adjustments on innovation incentives. Likewise, using data over the period 1840-2014, Stuer-
mer (2018) shows that fluctuations on mineral commodity prices for copper, lead, tin, and zinc, due to
demand shocks are significantly persistent, but this effect is not too strong for supply shocks.

9It is worth mentioning that oil prices did crash after the second half of 2014. Baumeister et al. (2016)
and Manescu and Nuno (2015) argue that such a collapse in prices was the result of unexpected supply
and demand shocks in the global economy, rather than the US market developments.

10In this context, Hausman and Kellogg (2015) present a detailed analysis of the distributional impli-
cations of this technological revolution in US.

11In a recent work, using a cross-country database over the period 1970-2007, Cavalcanti et al. (2015)
study commodity price volatility as a mechanism and find that it explains most of the negative correla-
tion between resource abundance and economic growth.

12In a theoretical study, Hassler and Sinn (2016) provide a framework to assess how technical innova-
tions in fossil fuel extraction and biofuel policies could affect food prices, exploiting the fact that corn
production is a good substitute for oil in energy production.

13Serra and Zilberman (2013) and Zilberman et al. (2013) provide a review of the growing literature
about the link between biofuel policies and commodity food prices. In contrast, Baumeister et al. (2018)
suggest that there is no enough empirical support for the existence of such a link.
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abundance and corruption levels. In contrast, with respect to growth-enhancing vari-
ables, for instance, we find that the contemporary positive relationship between re-
sources and growth conceals a negative impact of natural resources on private edu-
cation spending,14 though we find some positive impacts on public spending as in
James (2017).

The remainder of the paper is organized as follows. In Section 4.2, we describe the
data used in the empirical exercises. In Section 4.3, we report how natural resource
endowments were correlated with increased economic growth in US states over dif-
ferent time periods using cross-state growth regressions, and we present the sector-
specific technology and commodity prices stylized facts. In Section 4.4, the empirical
strategy is laid out and identification concerns are discussed. Section 4.5 presents the
main results. Section 4.6 performs the main robustness checks through IV. Conclu-
sions are offered in section 4.7. We have complementary material in the (online) ap-
pendices. Appendix 4.A.1 decomposes resource effects on economic growth for pri-
mary, secondary, and tertiary sectors. Appendix 4.A.2 evaluates the indirect effects of
resource abundance on growth through its effects on e.g. education. Appendix 4.A.3
provides robustness tests of our main results dropping outliers. Appendix 4.A.4 tests
validity exploring a different time split and lagged effects. In the main text, we refer
to material in the appendices where appropriate.

4.2 The Data

We use data from different sources over the period 1997-2014. Table 4.1 and 4.2 re-
port summary statistics. Data on global commodity prices (coal, oil, gas, corn, soy-
beans, cotton, and minerals) come from the International Monetary Fund, available
at a monthly frequency.

TABLE 4.1: Descriptive Statistics for Real Commodity Prices, 1997-2014

Variable Units Mean Std. dev Min Max

Oil (WTI, barrel) 58.3 25.9 18.9 98.9
Gas (MmBtu) 5.06 2.08 2.55 9.73
Corn (metric ton) 163 54.4 108 276
Soybeans (metric ton) 333 95.3 204 498
Cotton (hundred pounds) 77.8 21.4 55.1 146
Coal (metric ton) 66.1 31.1 32.3 135

Note: Prices are in real 2009 dollars. Annual averages. The under-
lying data are obtained from the International Monetary Fund.

We use annual average real price indexes to construct unweighted commodity
price indexes for three industries within the primary sector: Agriculture (corn, cotton
and soybeans), Oil and Gas (oil and gas prices) and Mining (Coal and other minerals).

14This negative link between private investment in human capital, educational attainment and natural
resource abundance in the United States has also been documented in, for example, Marchand and
Weber (2018), Rickman et al. (2017), Weber (2014), Haggerty et al. (2014) and Weber (2012). See Appendix
4.A.2 for a detailed analysis and a discussion of the main mechanisms.
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We have GDP by industry in current values, real state GDP in 2009 chained dollars,
and population at the state-year level,15 from the Bureau of Economic Analysis (BEA).
Data on value-added by industry come from the same source. R&D investments, our
measures of openness and corruption at the state level come from the Industrial Re-
search and Development System (IRIS), the US Census Bureau and the US Depart-
ment of Justice, respectively. State government fiscal data, such as public education
expenditures, taxes and budget surplus are from the U.S. Census Bureau. Oil and
gas annual production data come from the U.S. Energy Information Administration
(EIA). To measure GM technology adoption, we use the estimations prepared by the
United States Department of Agriculture (USDA).

TABLE 4.2: Summary Statistics

Variable Mean Std. dev Min Max

Growth in Real GDP per capita 1997-2014 1.10 0.73 -0.57 4.58
Natural Resources, 1997 3.96 4.78 0.25 23.6
Oil&Gas, 1997 0.97 2.94 0 18.2
Agriculture, 1997 1.63 1.86 0.10 8.84
Other Mining, 1997 0.78 1.65 0.01 9.55
Investment, 1997 1.16 0.93 0.01 4.43
Private Schooling, 1997 0.77 0.49 0.15 2.35
Public Schooling, 1997 1.65 0.59 0.79 4.11
Distortionary Taxation, 1997 7.88 2.80 4.76 24.8
Budget Surplus, 1997 1.94 1.96 0.19 14.4
Openness, 2000-2009 2.31 1.44 0.31 5.48
R&D, 1998 1.49 1.39 0.01 6.89
Corruption, 2001-2010 3.32 1.90 0.96 8.45

Note: All variables defined as shares are in percentages. Data for 50 US States.

Natural resources is the share of the primary sector’s production (Agriculture, forestry,
fishing, and mining) in GDP; Oil&Gas is the initial share of oil and gas production in
GDP; agriculture is the initial share of farms’ production in GDP; Other Mining is the
initial share of mining production, except oil and gas, in GDP; Investment is measured
by the share of initial industrial machinery production in GDP; Private Schooling is de-
fined as the initial contribution of private educational services in GDP; Public School-
ing denotes state spending on education services; Distortionary Taxation is the share
of general revenue from own sources (e.g., property, sales, individual and corporate
income taxes) in GDP; Budget Surplus corresponds to the share of budget surplus,
defined as the difference between total state income and total state spending where
duplicative intergovernmental transactions are excluded, in GDP; Openness which de-
notes the ratio of net international migration to total population by state; R&D is mea-
sured by the share of total (company, federal, and other) funds for industrial R&D
performance in GDP by state; and Corruption is defined as the number of prosecuted
corrupted public officials per 100,000 citizens by state.16

15If migration flows respond to economic growth differentials, such effect will reduce the size of our
coefficients.

16We follow Papyrakis and Gerlagh (2007), though we are aware that entrenched corruption may also
reduce the probability of prosecution. Notice that our specific measure for corruption has been used in
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We remark that we use all 50 US states for our basic empirical analysis since we
have a balanced panel data over the period 1997-2014. Previous studies on the nat-
ural resource curse in US states, however, sometimes used smaller samples because
of limited data availability. For example, while Papyrakis and Gerlagh (2007), James
and James (2011) and Rode (2013) use data for 49 US states, excluding Delaware due
to missing data points; Boyce and Emery (2011) and James (2015b) employ a data
set that covers the 50 US states, and James (2017) and Alexeev and Chih (2017) use a
panel data set of 48 US states. In Appendix 4.A.3, we discuss sensitivity to sample se-
lection, based on Acemoglu et al. (2017)’s procedure for weighing or dropping outlier
observations.

4.3 Stylized Facts

4.3.1 The resource industry in US states

As a point of departure for our study, we first consider the main patterns over the pe-
riod 1997-2014, through cross-state growth regressions as in Papyrakis and Gerlagh
(2007).17 Then we separate oil and gas extraction, from agricultural production, and
mining excluding oil and gas. Furthermore, we also split the period in pre- and post-
2007 for reasons that become clear below. In Section 4.4, we exploit the panel data
structure to separate supply from demand factors explaining the resource-growth cor-
relations described below. Appendix 4.A.2 looks deeper into the connections between
natural resources and other independent variables, including an extensive analysis of
private and public education expenditures. Our main analysis uses shares in GDP
as a measure of resource abundance.18 We use simple OLS and fixed effects for our
base empirical model, based on recent meta-studies (Bazzi and Clemens, 2013; Young,
2018) that indicate better validity of the ‘simple’ approach vis-a-vis instruments.19 We
consider an instrumental variable approach as part of our robustness tests in Section
4.6, where we confirm our findings using the stock value for fossil fuel reserves, and
area planted for agriculture as instruments in a two-stage estimation. We deal with
outliers in our sample in Appendix 4.A.3. We begin by estimating,

Gi = α + βYi,0 + γRi,0 + ϕZi + εi (4.1)

other previous studies, see for example James (2015b), Campante and Do (2017) and Glaeser and Saks
(2006).

17Notice that cross-sectional correlations do not necessarily equate to causal effects.
18In our context, the distinction between resource dependence and abundance is less important; the

US has relatively homogeneous institutions resulting in modest income differences and comparable
support for resource exploitation over states.

19Bazzi and Clemens (2013) and Young (2018) find that instrumental variables frequently lead to more
biased coefficients compared to OLS specifications, e.g. because of non-normal distributions of instru-
ments.
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where i denotes US states, Gi represents the average annual per capita growth in real
state GDP, Yi,0 is (log of) initial per capita GDP, Ri is a vector that measures natural re-
source abundance, e.g. the initial share of a resource industry in GDP, and Zi is a set of
control variables such as investment; private schooling; public schooling; openness;
R&D; corruption, among others.20

TABLE 4.3: Effect of Resource Abundance on Economic Growth, 1997-
2014

Dep. var.: Average annual growth of real GDP pc 1997-2014
(1) (2) (3)

Constant 22.1∗∗∗ 20.7∗∗∗ 19.8∗∗∗

(7.13) (6.77) (7.14)
Initial GDP per capita (ln), 1997 -2.18∗∗∗ -2.11∗∗∗ -1.99∗∗∗

(0.72) (0.69) (0.71)
Natural Resources, 1997 0.09∗∗∗ 0.09∗∗∗ 0.12∗∗∗

(0.03) (0.03) (0.03)
Investment, 1997 0.35∗∗ 0.38∗∗ 0.38∗∗

(0.16) (0.18) (0.17)
Private Schooling, 1997 0.55∗∗∗ 0.57∗∗∗ 0.71∗∗∗

(0.13) (0.14) (0.14)
Public Schooling, 1997 0.24 0.54∗∗

(0.20) (0.25)
Distortionary Taxation, 1997 -0.17∗∗∗

(0.06)
Budget Surplus, 1997 0.12

(0.09)
Openness, 2000-2009 0.17∗ 0.22∗ 0.22∗∗

(0.09) (0.11) (0.11)
R&D, 1998 0.12∗ 0.13∗ 0.16∗∗

(0.07) (0.07) (0.07)
Corruption, 2001-2010 0.10 0.10 0.11

(0.09) (0.08) (0.08)

Observations 50 50 50
R2 adjusted 0.32 0.33 0.38

Note: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard er-
rors in parentheses. The dependent variable is the average annual
growth in real GDP per capita from 1997 to 2014. Natural resources
denote the share of the primary sector’s production (agriculture,
forestry, fishing and mining) in GDP (%). All the variables are
defined as GDP shares, except initial GDP pc, Openness and Cor-
ruption. The additional control variables are defined in Section
2.

Table 4.3 reports results for the aggregate primary sector and it shows how natural
resource endowments were correlated with increased economic growth. We control
for initial income differences, investments in R&D and industrial machinery, open-
ness, private and public schooling, distortionary taxation, budget surplus, and cor-
ruption levels (see Section 4.2 for a detailed description of our variables). The empir-
ical estimates show a positive and highly statistically significant effect of the primary
sector’s share in the economy on overall economic growth, (γ̂ > 0), and support

20 See Papyrakis and Gerlagh (2007) for theoretical justifications of our control variable set selection.
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conditional convergence, (β̂ < 0). A one-percentage-point increase in the natural re-
source share raises economic growth by 0.12% per year. This effect contrasts with the
negative impact reported by Papyrakis and Gerlagh (2007) for the period 1986-2000
and suggests that the effect of natural resource abundance on growth varies over time.
At the same time, it corroborates the positive effect of fossil fuel reserves documented
in Allcott and Keniston (2017). Notice that column 1 uses the same set of control
variables as in Papyrakis and Gerlagh (2007) to check that the highly significant and
positive effect of natural resource abundance on economic growth rates over the last
two decades is not driven by a distinct specification.

In addition, column 2 includes public schooling as an independent variable since
James (2017) points to a differential effect of resource revenues on public and pri-
vate education expenditures in US states, and we extend his analysis to the impacts
on growth. Also, previous studies suggest that the effect of higher public education
spending on economic growth can only be assessed when controlling for fiscal poli-
cies, that is, the way government spending is financed matters (Kneller et al., 1999;
Blankenau et al., 2007). In line with this literature, we do not find a significant ef-
fect of public schooling when we do not include fiscal policy variables (see column
2). Once we control for variables such as distortionary taxation and budget surplus,
public schooling becomes a statistically significant and positive determinant of eco-
nomic growth in the US states (see column 3).21

As expected, the rest of the variables such as investment, openness, and R&D are
positive and significant determinants of economic growth rates. The coefficients for
the control variables are also substantial and highly significant. A one percentage
point increase of the share of industrial machinery, R&D, private and public educa-
tional services, raises growth by 0.38%, 0.16%, 0.71%, and 0.54% per year, respectively.
In the same vein, distortionary taxation reduces growth by 0.17%. Openness also has
a positive and significant correlation to economic growth. The coefficients for budget
surplus and corruption are not statistically significant.

In the next subsection, we separate natural resources into oil&gas, other mining,
and agriculture, and include resource-specific features. These help to get more grip
on the mechanisms through which resources impact economic growth. In that sense,
Oil&gas and Other mining measure the initial share in GDP of oil and gas produc-
tion and other mining, respectively; agriculture measures the initial share of farms’
production in GDP.

4.3.2 Accounting for sector-specific features

There are some outstanding sector-specific empirical patterns within the primary sec-
tor during the period 1997-2014 that help us to explain the reversal of fortunes de-
scribed above. We thus begin with the adoption of genetically engineered seeds,

21This result is consistent with Hanushek et al. (2017a), who document a positive relationship between
educational achievement and economic growth across US states. See also Hanushek et al. (2017b) for a
discussion of human capital accumulation effects in explaining income differences in US states.



82 Resource-Richness and Economic Growth in Contemporary U.S.

after their commercial release in 1996, by farmers in the United States. Figure 4.1
displays the share of planted acres using herbicide-tolerant (Ht) and insect-resistant
(Bt)22 seeds in soybeans, cotton, and corn. While the Ht seeds allow the farmers an ef-
fective weed control, through specific herbicides, without crop damages, the Bt seeds
reduce the chemical pesticide use.23 It is worth noting that although this technologi-
cal innovation reduces input costs and increases yields, at the same time, it raises the
market power of the biotech industry as it forces the farmer to buy new seeds for each
harvest since these are under patent protection (Carter et al., 2019; Carlson, 2016).24
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FIGURE 4.1: Adoption of GM technology, 1997-2014

Note: The vertical line denotes 2007. Average of the share of GM crops in total planted land for all corn,
cotton and soybean varieties. HT refers to herbicide tolerant crops and Bt Crops are named for Bacillus
thuringiensis (Bt), a bacteria that naturally produces a crystal protein that is toxic to many pest insects.
Sources: USDA, Economic Research Service.

Figure 4.2a shows natural gas production in the United States over the period
1997-2014. Until 2006, natural gas production was stable at around 24 annual-trillion
cubic feet, with a weak downward trend. The shale gas revolution is clearly visible,
as from 2007 onwards production increased dramatically (for more details, see James
and Smith (2017) and Hausman and Kellogg (2015)). In 2014, over 44% of total natural
gas US production came from shale wells. Figure 4.2b plots the comparable figure
for annual production of crude oil, in million barrels per day, from 1997 to 2014. It
shows how improved tight oil technologies turned the declining US production into a
booming industry. According to EIA estimations in selected plays, in 2014 the United
States produced about 48% of crude oil (or 4.5 million barrels/day) using new drilling
and hydraulic fracturing techniques.

We do not have evidence of large innovations in the other mining industry. We
then construct real value-added indexes for each resource sector as an indicator of
sector-specific growth in the United States. Figure 4.3a displays these indexes over
the period 1997-2014. We see the decline of oil and gas up to 2005, followed by the

22Named after Bacillus thuringiensis, a soil bacterium producing a protein toxic to herbivorous in-
sects. Genes of this bacterium are introduced in plants.

23See Perry et al. (2016) for detailed analysis about the trends and effects of the use of different seeds
in the production of maize and soybeans.

24For an extensive overview of the adoption of GM crops, its economic impacts, risks and advantages,
see Qaim (2015).
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FIGURE 4.2: Oil and Gas production in the United States, 1997-2014

Note: The vertical line denotes 2007. Oil and gas production data are from the U.S Energy Information
Administration.

tight oil and shale gas revolutions afterward. Agriculture shows a robust growth
although it also presents some drops in 2007 and 2012. Finally, the mining sector
remains stable without remarkable movements.
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FIGURE 4.3: Sectoral Real Value-Added and Price Indexes, 1997-2014

Note: Agricultural real value-added index refers to real farms’ production; oil and gas indicates real oil
and gas production, and mining alludes to real mining production except oil and gas. Agricultural price
index only includes Corn, Cotton and Soybeans prices. Mining price index includes coal and mineral
(Copper, Aluminum, Iron Ore, Tin, Nickel, Zinc, Lead, and Uranium) prices. Oil and Gas price index
refers to oil and gas prices. Prices are real 2009 dollars. The underlying data are from the Bureau of
Economic Analysis and the International Monetary Fund.

In addition to industrial growth as a measure of supply-side changes, we con-
sider prices revealing some of the demand-side shocks (Stuermer, 2018). Agricultural
prices were moderately stable, slightly decreasing until 2005, after which they began
to increase rapidly. The Energy Policy Act of 2005 increased demand and prices for
corn (Tyner, 2008); Figure 4.4a shows the steep rise in corn prices beginning in 2006.
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Soybeans prices also increased vigorously due to competition for land with corn pro-
ducers, with a one-year delay (Kim and Moschini, 2018; Avalos, 2014).25 At a later
stage, cotton prices also joined the rise, through the same mechanism (Mutuc et al.,
2011).
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FIGURE 4.4: Real price indexes for different commodities, 1997-2014

Note: The vertical line denotes 2007. Commodity price data are from the International Monetary Fund.

Prices for oil and gas report a sustained increase over the period 1997-2007, but
show a remarkable different pattern after 2007. Figure 4.4b displays the price indexes.
Oil prices maintained a high level after 2007 despite the tight oil revolution, but gas
prices began falling when supplies sharply increased with the shale gas development.
The characteristics of these fuels are different. Arezki et al. (2017) and Hausman and
Kellogg (2015) argue that oil is integrated with international markets, while natural
gas uses different facilities for national transport and trade versus international trans-
port and international trade.

For the statistical analysis, we aggregate real price developments into commodity
price indexes for the three resource sectors, as shown in Figure 4.3b. It plots un-
weighted sector-specific price indexes from 1997 to 2014. The oil and gas price in-
crease between 1997 and 2008 is clearly visible, as well as the crop price increase after
2005.

Considering the stylized facts described above, we split 1997-2014 in a pre- and
post-2007 period. In Appendix 4.A.4, however, we also consider different sub-periods.
Most of the GM crop transition took place before 2007, while most of the effects of the
Energy Policy Act materialized after 2006. Also, most of the tight oil and shale gas
revolution occurred after 2006 (James and Smith, 2017; Hausman and Kellogg, 2015).
The OLS estimation results are presented in Table 4.4. Columns 1-3 show that the im-
pact of resource abundance is strong and positive over the whole period for all three
resource types, though the agriculture sector stands out and it is difficult to estab-
lish significance for oil&gas. A state with a 10 percent share of agriculture would see

25Hassler and Sinn (2016) and Avalos (2014) suggest that energy policies generated after 2006 a link
between oil and corn prices and put pressure in some substitute goods e.g., soybeans.
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approximately a 2.5 percent higher growth rate each year, all else equal. The other
explanatory variables remain positive and significant with the exception of distor-
tionary taxes which is negative and corruption which is not significant.

Columns 4-6 and 7-9 display the point estimates for the periods 1997-2007 and
2007-2014, respectively. The coefficient for oil&gas is insignificant in the first period,
and highly significant and positive for the second period in two specifications. It loses
explanatory power when we include fiscal policy variables (columns 3 and 9); this is
consistent with the strong correlation between oil&gas revenues, public education
expenditures, and other US state fiscal policies described in James (2015b) and James
(2017).
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TABLE 4.4: Effects of resource-specific abundance on Economic Growth

Dependent variable: Average annual growth of real GDP per capita
1997-2014 1997-2007 2007-2014

(1) (2) (3) (4) (5) (6) (7) (8) (9)
Constant 11.3∗ 9.92 13.6∗∗ 10.4 10.4 12.2 19.8 9.26 7.15

(5.92) (6.10) (6.57) (7.00) (6.87) (8.11) (14.8) (14.1) (15.0)
Initial GDP per capita (ln) -1.15∗ -1.08∗ -1.42∗∗ -1.00 -1.00 -1.15 -2.07 -1.15 -0.98

(0.58) (0.58) (0.64) (0.67) (0.67) (0.78) (1.41) (1.31) (1.38)
Oil&Gas 0.05∗ 0.05 0.04 0.04 0.04 0.06 0.08∗∗ 0.07∗∗ 0.05

(0.03) (0.03) (0.05) (0.03) (0.03) (0.06) (0.03) (0.03) (0.05)
Agriculture 0.24∗∗∗ 0.24∗∗∗ 0.25∗∗∗ 0.27∗∗∗ 0.27∗∗∗ 0.28∗∗∗ 0.43∗∗ 0.41∗∗ 0.39∗∗

(0.06) (0.05) (0.06) (0.05) (0.05) (0.05) (0.19) (0.17) (0.18)
Other Mining 0.09∗∗ 0.10∗∗ 0.13∗∗ 0.16∗ 0.16∗ 0.18∗∗ 0.06 0.04 0.03

(0.04) (0.05) (0.05) (0.09) (0.09) (0.08) (0.12) (0.11) (0.10)
Investment 0.22 0.26 0.27∗ 0.05 0.05 0.05 0.50 0.52∗ 0.55

(0.14) (0.16) (0.16) (0.09) (0.10) (0.10) (0.30) (0.30) (0.33)
Private Schooling 0.59∗∗∗ 0.61∗∗∗ 0.76∗∗∗ 0.67∗∗∗ 0.67∗∗∗ 0.76∗∗∗ 0.59∗∗∗ 0.60∗∗∗ 0.59∗∗∗

(0.12) (0.12) (0.14) (0.13) (0.13) (0.14) (0.16) (0.18) (0.19)
Public Schooling 0.23 0.44∗ 0.01 0.17 0.37 0.35

(0.20) (0.23) (0.12) (0.18) (0.23) (0.30)
Dist. Taxation -0.14∗∗ -0.10 0.02

(0.06) (0.08) (0.11)
Budget Surplus 0.20∗ 0.10 0.08

(0.10) (0.11) (0.12)
Openness 0.14 0.18∗ 0.20∗ 0.26∗∗∗ 0.26∗∗∗ 0.27∗∗∗ 0.36 0.26 0.25

(0.08) (0.10) (0.10) (0.06) (0.07) (0.08) (0.40) (0.35) (0.37)
R&D 0.10∗ 0.11∗ 0.13∗ 0.08 0.08 0.10 0.19 0.19 0.18

(0.06) (0.06) (0.07) (0.06) (0.06) (0.07) (0.13) (0.13) (0.14)
Corruption 0.10 0.10 0.11 0.02 0.02 0.03 0.06 0.07 0.07

(0.08) (0.08) (0.07) (0.05) (0.05) (0.05) (0.07) (0.07) (0.07)
Observations 50 50 50 50 50 50 50 50 50
R2 adjusted 0.43 0.45 0.47 0.44 0.42 0.42 0.44 0.47 0.45

Note: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors in parentheses. All the variables denote initial values except for
openness (columns 1-6 use data from 2001-2010, columns 7-9 from 2010 to 2014), R&D (columns 1-6 refer to observations at 1998,
columns 7-9 to data at 2007) and corruption (columns 1-6 represent data from 2001 to 2010, and columns 7-9 from 2005 to 2014).
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This result also suggests that the tight-oil and shale-gas revolution was instru-
mental in the income increase observed in the oil and gas-rich states, more than the
oil and gas price increase during the first period. The coefficient for the agricultural
sector increases from .28 to .39 between the two periods. This finding suggests that
for agriculture, the price increase following the biofuel policies outweigh the intro-
duction of GM crops in importance.26 The mining coefficient is significant for the first
period, but not for the second period, suggesting that for this sector also the price
increase plays an important role. Private schooling is highly significant and positive
in the different specifications, in contrast with public schooling which is only weakly
significant over the whole period 1997-2014 (column 3).27

4.4 Empirical strategy

The OLS regressions, in combination with the stylized facts, are suggestive that for
oil and gas innovation played a major role in the positive correlation with growth,
whereas for agriculture, the demand policies were more important. To further test
these hypotheses, we now turn to the main contribution of this paper by providing
a panel data analysis, exploiting the annual variation in commodity prices, country-
wide real value-added and productivity indexes by industry, and interacting these
time variations with the initial spatial variation of the resource abundance measures
(Allcott and Keniston, 2017). We estimate the fixed-effects panel model:

Gi,t = γ1Ri,0 · ∆Pt + γ2Ri,0 · ∆It + δi + ηt + ε i,t (4.2)

where Gi,t denotes the annual growth in real GDP per capita, ∆Pj,t corresponds to
the annual growth in sectoral price indexes, ∆Ij,t can be either the annual growth in
real value-added or in total factor productivity indexes at the industry level, δi iden-
tifies the time-invariant state-specific fixed-effects, which absorbs the initial resource
shares and the (constant) control variables, and ηt is the time fixed-effects without
prior distribution, which absorbs the time-dependent linear terms of the interaction.
Keeping control variables at their initial values, and using random fixed-effects does
not change results. Notice that i identifies the US states, and t the year. The use of an-
nual data helps to control for unobserved variables varying between states and years,
while also potentially providing more precise estimators.

For each resource sector we add the interaction between the initial size of the in-
dustry and price changes, Ri,0×∆Pt, and the interaction between the size of the sector
in US states economics and annual national growth in a given industry, Ri,0 × ∆It, as
in Allcott and Keniston (2017), Berman et al. (2017), Dube and Vargas (2013), and

26It is possible that the post-2007 fossil fuel innovations were induced by the pre-2007 price increases.
Similarly, it is conceivable that the agricultural states were better placed to benefit from the crop price
increase thanks to the GM revolution.

27In addition to the direct effects of resource abundance on growth, in Appendix 4.A.2 we investigate
the indirect effects through intermediate variables following closely the procedure of Papyrakis and
Gerlagh (2007).
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Acemoglu et al. (2013). This approach allows us to exploit cross-sectional variation in
initial conditions at 1997 and time-series variation in both international commodity
prices and technological levels over the period 1997-2014, and yields unbiased esti-
mates for the sector-specific effects.28 A positive coefficient for the first interaction,
γ̂1 > 0, suggests that the sector benefits from price increases, for instance, due to
national demand policies pushing up prices. A positive coefficient for the second
interaction, γ̂2 > 0, points to aggregate income benefits connected to productivity
innovations within the resource industry.29 As the stylized facts suggest that the mar-
ket for oil is more international, while gas is a national market, and the prices show
different trends, we separate the two price index interactions.

4.5 Main results

The results are detailed in Table 4.5. Column 1 introduces the interactions between
the initial resource sector size and commodity price changes. We find a strong and
positive effect in both agricultural and mining; increasing commodity prices support
aggregate economic growth in states abundant in the relevant resources.30 Surpris-
ingly, we find a negative impact of gas prices, and no significant effect for oil, for
states abundant in oil and gas. The outcome possibly presents an omitted variable
bias, as gas prices are negatively correlated to the shale-gas innovation. Indeed, in
column 2 we find a strongly significant positive coefficient for the interaction be-
tween oil and gas abundance with the resource sector’s real annual growth. These
results confirm the suggestion from the OLS estimations that the adoption of new
drilling and hydraulic fracturing techniques pushed up growth rates vigorously in
resource-abundant states from 2007 onward. In column 3, when we introduce both
interactions, we observe that the price interaction coefficient has become insignificant
for gas, while it becomes positive and significant for oil. The findings confirm the dif-
ferent mechanisms at play for oil and gas (Kilian, 2016; Arezki et al., 2017; Hausman
and Kellogg, 2015). 31

At the same time, columns 2 and 3 suggest that for agriculture and other min-
ing, there is no significant technology effect, while the price effects remain positive

28For the US, Allcott and Keniston (2017) interact initial endowments of oil and gas at the county level
with national employment in the oil and gas industry. Using local-level data for US, Acemoglu et al.
(2013) connect initial oil reserves and annual global oil prices to explain local income levels. A similar
identification strategy can be found in Berman et al. (2017), who use exogenous variations in world
commodity prices to provide causal effects of resource abundance on conflict patterns in Africa. Dube
and Vargas (2013) employ commodity price shocks to explain civil conflict patterns in Colombia. Using
cross-country data, Perez-Sebastian and Raveh (2016) also interact initial mineral production (as share
in GDP) with an international mineral price index. See Goldsmith-Pinkham et al. (2018) for a discussion
of "shift-share" approaches.

29Innovation in a resource sector leads to an increase in Value Added, both through an increase of the
intensive and the extensive margin. That is, innovation increases the economic value of existing natural
resources, but it also increases the economically exploitable resource for a given geography.

30In Appendix 4.A.1, we discuss the effects of resource abundance on non-resource sector growth.
31Further evidence is discussed in Appendix 4.A.4 Table 4.A.12, where we estimate the model with

lagged prices for Oil and Gas.
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TABLE 4.5: Effects of resource-specific abundance on economic growth
rates, 1997-2014

Dependent variable: ∆ ln(Real GDP per capita) (1) (2) (3)

Oil&Gas, 1997 × ∆t Real Gas Price Index -0.57∗∗∗ -0.26
(0.16) (0.19)

Oil&Gas, 1997 × ∆t Real Oil Price Index 0.22 0.54∗∗∗

(0.17) (0.13)
Oil&Gas, 1997 × ∆t Real Value-Added Index 1.15∗∗∗ 1.38∗∗∗

(0.17) (0.23)
Agriculture, 1997 × ∆t Real Sectoral Price Index 0.84∗∗∗ 0.86∗∗∗

(0.17) (0.14)
Agriculture, 1997 × ∆t Real Value-Added Index -0.11 0.13

(0.58) (0.55)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.55∗∗ 0.52∗∗

(0.22) (0.21)
Other Mining, 1997 × ∆t Real Value-Added Index 0.06 0.48

(0.51) (0.53)

State fixed-effects YES YES YES
Time fixed-effects YES YES YES
Number of US States 50 50 50
Number of periods 17 17 17
Observations 850 850 850
R2 within 0.09 0.06 0.11
R2 adjusted 0.43 0.41 0.44

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered at the
state level in parentheses. Prices are real 2009 dollars. ∆t Real Value Added denotes
annual growth in the real value added index for each resource industry. ∆t Sec-
toral Price Index corresponds to annual growth in price indexes for each sector. We
calculate the R2 within using the residuals after we control for both time and state
fixed-effects.

and significant in both columns 1 and 3. Specifically, the panel data estimations sup-
port the interpretation that agricultural regions did not experience benefits from the
adoption of GM technology. Likewise, instead of using real national annual growth
indexes by industry, we can also employ the integrated multifactor productivity in-
dexes at the industry level available from 1998 onwards prepared by the Bureau of
Economic Analysis and the Bureau of Labor Statistics, as a measure of total factor
productivity, which account for intermediate input intensity.

The results for our panel data estimations are detailed in Table 4.6. We again find
no significant technology effects in the agriculture and mining sectors. Unsurpris-
ingly, the impact of the technical change, through increases in total factor produc-
tivity, in the oil and gas industry on economic growth in resource-rich states is now
higher and remains statistically significant. By controlling for annual productivity
growth rates, the main results for commodity price effects in each industry continue
to hold.
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TABLE 4.6: Effects of resource-specific abundance on economic growth
rates, 1998-2014

Dependent variable: ∆ ln(Real GDP per capita) (1) (2)

Oil&Gas, 1997 × ∆t Real Gas Price Index -0.18
(0.21)

Oil&Gas, 1997 × ∆t Real Oil Price Index 0.38∗∗

(0.16)
Oil and Gas, 1997 × ∆t Sectoral TFP 2.07∗∗∗ 2.47∗∗∗

(0.36) (0.89)
Agriculture, 1997 × ∆t Real Sectoral Price Index 0.89∗∗∗

(0.17)
Agriculture, 1997 × ∆t Sectoral TFP 0.07 0.88

(1.17) (1.13)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.66∗∗

(0.30)
Other Mining, 1997 × ∆t Sectoral TFP -0.13 0.54

(0.60) (1.02)

State fixed-effects YES YES
Time fixed-effects YES YES
Number of US States 50 50
Number of periods 16 16
Observations 800 800
R2 within 0.07 0.12
R2 adjusted 0.42 0.44

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered
at the state level in parentheses. Prices are real 2009 dollars. ∆t Sectoral
TFP denotes annual growth in total factor productivity for each resource
industry. ∆t Sectoral Price Index corresponds to annual growth in price in-
dexes for each sector. We calculate the R2 within using the residuals after
we control for both time and state fixed-effects.
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4.6 Robustness checks

In this section, we discuss a number of robustness checks to evaluate alternative
model specifications. Using an instrumental variable approach, we control for con-
cerns about the endogeneity of our natural resource measures. In Appendix 4.A.3 we
run a series of specifications to evaluate the sensitivity of our main conclusions to the
presence of outliers.32

TABLE 4.7: 2SLS Estimation: First-stage results

Dependent variable: Oil&Gas, 1997 Agriculture, 1997 Mining, 1997
(1) (2) (3)

Value of stocks of oil and gas, 1990 5.20∗∗∗ -0.50 1.41
(1.08) (0.89) (1.09)

Area planted per capita (ln), 1990 -0.03 1.06∗∗∗ -0.12
(0.11) (0.22) (0.13)

Value of estimated coal reserves, 1992 0.01 -0.20 0.76∗∗∗

(0.12) (0.13) (0.18)

Observations 48 48 48
Shea’s partial R2 0.58 0.43 0.44
F-statistic on excluded instruments 7.81 8.56 7.58

Note: ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01. Robust standard errors in parentheses. The
value of stocks of oil and gas and the value of coal reserves are scaled by state land area.
This estimation include all additional exogenous variables.

4.6.1 IV estimations

One issue with our estimations is the endogeneity of our resource-specific abundance
indicators given their possible correlation with the error term. We implement an in-
strumental variable approach to address this concern. We construct one set of instru-
ments, Wi.33 Our identification strategy relies on the assumption that the instruments
do not have a direct impact on economic growth rates, that is, the exclusion restriction
is satisfied, Cov(Wi, εi) = 0 (see eq. 4.1); but solely through the resource abundance
measures, the relevance condition holds, Cov(Ri,0, Wi) 6= 0 (Young, 2018; Bazzi and
Clemens, 2013).

Following Dube and Vargas (2013) and van der Ploeg and Poelhekke (2010), we
use the value of undiscovered, technically recoverable stocks of oil and natural gas at
1990 (Alaska and Hawaii are excluded because of missing data points), the value of

32In some estimations, we exclude public schooling and fiscal policy variables given the high correla-
tion with oil&gas abundance detailed above. The additional results are available upon request.

33Data for the instruments come from the United States Census Bureau, the Bureau of Economic Anal-
ysis, the United States Department of Agriculture, and the Energy Information Administration. We use
the value of stocks for oil and gas at the state level calculated in James (2015b).
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TABLE 4.8: 2SLS Estimation: Effects of Resource-Specific Abundance
on Economic Growth, 1997-2014

Dependent variable: Average Annual Growth Real GDPpc (1)

Constant 11.8∗

(6.04)
Initial GDP per capita (ln), 1997 -1.26∗∗

(0.60)
Oil&Gas, 1997 0.14∗∗

(0.06)
Agriculture, 1997 0.32∗∗∗

(0.07)
Other Mining, 1997 0.13∗∗

(0.06)
Investment, 1997 0.25∗

(0.15)
Private Schooling, 1997 0.74∗∗∗

(0.13)
Openness, 2000-2009 0.19∗∗

(0.08)
R&D, 1998 0.15∗∗

(0.07)
Corruption, 2001-2010 0.10

(0.07)

Observations 48
R2 adjusted 0.36

Note: ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01. Robust standard errors
in parentheses. Column 1 uses as instruments the value of undiscov-
ered, technically recoverable stocks of oil and natural gas in 1990; area
planted per capita at 1990; and estimated recoverable coal reserves in
1992.
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recoverable coal reserves at 1992,34 and area planted35 per capita at 1990, as instru-
ments for oil and gas extraction, mining, and agriculture, respectively. The correlation
between the share of oil and gas extraction in GDP at 1997 and the value of stocks of
oil and gas per square kilometer at 1990 is 0.73, between the share of farms’ produc-
tion in GDP at 1997 and the logarithm of the area planted per capita at 2000 is 0.77,
and between the share of mining production in GDP at 1997 and the value of the
estimated recoverable coal reserves per square kilometer at 1992 is 0.70.

TABLE 4.9: 2SLS Estimations using stock values and area planted as
instruments, 1997-2014

Dependent variable: ∆ ln(Real GDP per capita) (1) (2) (3)

Oil&Gas, 1997 × ∆t Real Gas Price Index -0.26 0.25
(0.21) (0.27)

Oil&Gas, 1997 × ∆t Real Oil Price Index -0.41∗ 0.25
(0.21) (0.29)

Oil&Gas, 1997 × ∆t Real Value Added Index 1.44∗∗∗ 2.53∗∗∗

(0.51) (0.66)
Agriculture, 1997 × ∆t Real Sectoral Price Index 1.05∗∗∗ 1.02∗∗∗

(0.26) (0.23)
Agriculture, 1997 × ∆t Real Value Added Index -0.52 -0.23

(0.68) (0.66)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.76∗∗ 0.70∗∗

(0.37) (0.34)
Other Mining, 1997 × ∆t Real Value Added Index 1.12 1.26

(0.82) (0.84)

State fixed-effects YES YES YES
Time fixed-effects YES YES YES
Number of US States 48 48 48
Number of periods 17 17 17
Observations 816 816 816
R2 within 0.05 0.03 0.06
R2 adjusted 0.44 0.43 0.45

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered at the
state level in parentheses. Prices are real 2009 dollars. To construct the interactions,
we use the (fitted values) of our natural resource measures from the first stage esti-
mations. ∆t Real Value Added denotes annual growth in the real value added index
for each resource industry. ∆t Sectoral Price Index corresponds to annual growth in
price indexes for each sector. We calculate the R2 within using the residuals after we
control for both time and state fixed-effects.

We argue that resource reserves in previous periods are less correlated with eco-
nomic growth rates over the period of analysis than the shares in 1997, and thus we
can reduce endogeneity concerns. This means that, to a certain extent, we can claim
that resource reserve stocks are more exogenous than actual resource exploitation, an
argument which has been used in Dube and Vargas (2013), van der Ploeg and Poel-
hekke (2010), and Brunnschweiler and Bulte (2008). Table 4.7 reports the first-stage

34Both instruments are divided by state area to control for its geographical size following the proce-
dure of Allcott and Keniston (2017).

35This area includes cotton, corn, and soybean crops, among others agricultural products such as oats,
rice, barley, rye, flaxseed, etc.
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estimations using the sets of instruments. We find that our instrumental variables
have higher predictive power. Notice that in these cross-state growth regressions we
add as controls the same set of intermediate variables as in Papyrakis and Gerlagh
(2007). Table 4.8 displays then the results for our 2SLS estimations under this spec-
ification. We find that the results described in the stylized facts section remain the
same.

TABLE 4.10: 2SLS Estimations using stock values and area planted as
instruments, 1998-2014

Dependent variable: ∆ ln(Real GDP per capita) (1) (2)

Oil&Gas, 1997 × ∆t Real Gas Price Index 0.30
(0.40)

Oil&Gas, 1997 × ∆t Real Oil Price Index 0.26
(0.70)

Oil&Gas, 1997 × ∆t Sectoral TFP 2.16∗∗ 4.63∗

(0.89) (2.72)
Agriculture, 1997 × ∆t Real Sectoral Price Index 1.10∗∗∗

(0.26)
Agriculture, 1997 × ∆t Sectoral TFP -0.76 0.22

(1.39) (1.35)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.87∗

(0.45)
Other Mining, 1997 × ∆t Sectoral TFP 0.73 1.67

(1.54) (1.86)

State fixed-effects YES YES
Time fixed-effects YES YES
Number of US States 48 48
Number of periods 16 16
Observations 768 768
R2 within 0.02 0.06
R2 adjusted 0.42 0.44

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered
at the state level in parentheses. Prices are real 2009 dollars. To construct
the interactions, we use the (fitted values) of our natural resource measures
from the first stage estimations. ∆t Sectoral TFP denotes annual growth in
total factor productivity for each resource industry. ∆t Sectoral Price Index
corresponds to annual growth in price indexes for each sector. We calculate
the R2 within using the residuals after we control for both time and state
fixed-effects.

Furthermore, to test the robustness of our main findings, in our panel data spec-
ification, which indicates that growth, productivity, and commodity prices have dif-
ferent effects on economic growth through resource-specific abundance characteris-
tics, Table 4.9 and 4.10 report the results when we use the instrumented variables
(predicted in the first stage) and interact them with commodity price and real value-
added growth rates, as in Perez-Sebastian and Raveh (2016) and Alexeev and Conrad
(2009). All our previous conclusions hold.
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4.7 Concluding remarks

In this paper, we revisited the relationship between resource abundance and eco-
nomic growth in the United States at the state level. We document that over the
last twenty years resource-abundant US states reported higher growth rates in com-
parison with the resource-scarce states that have a smaller primary sector. Our study
contributes to a literature that shows mixed and inconclusive answers on the ques-
tion of whether natural resource abundance impedes or enhances economic growth.
We add to the literature providing a more detailed look into commodity price move-
ments and technological changes, exploiting the GM crop development and tight-oil
and shale-gas revolution as a natural experiment.

Between 1997 and 2014, genetically modified crops began to dominate the agri-
cultural landscape. States with a large agricultural sector saw an increase in income,
but there is not much evidence for the contribution of the GM revolution to the in-
come rise. Rents from GM seeds mainly accrued to the biotech industry. Landowners
benefited from rising commodity market prices, induced by biofuel promotion poli-
cies that are part of the Energy Policy Act of 2005, and we find clear evidence for the
contribution thereof to states’ GDP growth.

Between 1997 and 2007, oil and gas prices rose sharply, increasing GDP in oil and
gas producing states. From 2007 onwards, improved tight oil and shale gas technolo-
gies turned the declining US production into a booming industry. The shale revo-
lution increased income in states abundant in tight-oil resources, but the shale gas
developments also decreased gas prices, by so much that this effect offset the benefits
for gas-rich states.

In the Appendix, we also considered the indirect effects of natural resources on
economic growth through inducing or crowding out growth-enhancing activities. Af-
ter controlling for these indirect effects on investment, private and public schooling,
distortionary taxation, budget surplus, R&D, openness, and corruption, the positive
impact of oil, gas, and other minerals on economic growth vanished, but the positive
effect of the agricultural sector remained significant. Furthermore, we documented
a negative impact of agriculture, oil and gas extraction, and mining on private edu-
cational spending, suggesting a negative long-term effect of resource abundance on
overall economic growth, as pointed out in Papyrakis and Gerlagh (2007). However,
we also find positive effects of oil&gas abundance on public education expenditures
as described in James (2017).

This paper offers various potential research avenues. While we look at the ef-
fects of natural resource abundance on both private and public education spending,
we do not assess whether changes in education expenditures affect economic growth
and whether there are heterogeneous effects on such spending. Another extension
could be to use our empirical framework to analyze the impacts of natural resource
windfalls on educational attainment or on other quality education measures. Finally,
whereas we only consider economic growth effects of natural resource abundance,
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we also believe that the effects of price volatility and resource booms on wealth and
income distribution deserve more attention in future research.

4.A Appendix

4.A.1 Growth outside of the primary sector

James (2015a) and James and James (2011) argue that the negative relationship be-
tween resource abundance and economic growth can be explained by a relatively
slow growth rate in the resource sectors and how shocks in those sectors affect the
non-resource sectors in the economy. Here, we look at the effects on growth rates
across industries, i.e., the primary, manufacturing, and services sectors. Table 4.A.1
reports the estimates for the different sectors. Columns 1-3 display the impacts of re-
source abundance on the share of annual growth that can be attributed to the primary
sectors. Let Yst be the contribution of sector s to GDP in year t, so that GDPt = ∑s Yst,
and let ∆ be the change over a year. The dependent variables are then ∆Yst/Yt, so that
these sum to the overall growth rate; the sum of the coefficients over all columns re-
flects the overall impact on economic growth from resource abundance documented
in Table 4.5. These estimates confirm that resource price booms and productivity
increases have a positive and statistically significant effect on growth in the resource-
specific industry.

Columns 4-5 look at the impact of resource abundance on the manufacturing and
services sector, respectively. The estimates in column 4 suggest positive and statisti-
cally significant effects on manufacturing industries from natural gas price declines
as a result of innovations in the oil&gas industry. As documented in Arezki et al.
(2017), the shale gas revolution indeed gave a comparative advantage to the energy-
intensive industries, specifically in states with rich reserves. This energy-price gap
thus led to an export boom in the manufacturing sector. Note that other variables do
not yield significant coefficients for manufacturing.

Column 5 describes the results of the services sector. Whereas we see negative
effects of higher oil and gas prices on services in resource-rich states, we also have a
positive and significant effect from productivity improvements in the oil&gas indus-
try suggesting positive spillovers. Yet we also observe that efficiency improvement in
the mining industry has a negative effect on the services sector. A possible interpre-
tation is that the employment in the mining sector is dependent on unskilled workers
and low-wage jobs, crowding out employment in services, while the oil&gas industry
has a different employment profile that does not compete with services. Indeed, the
U.S. Bureau of Labor Statistics estimates the average pay in oil&gas extraction to be
twice that in coal mining and metal ore mining.
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TABLE 4.A.1: Effects of resource abundance on economic growth, per
sector, 1997-2014

Dependent variable: Growth in Real GDP per capita by industry
(1) (2) (3) (4) (5)

Oil&Gas Agricul Mining Mfg Services

Oil&Gas, 1997 × ∆t Real Gas Price Index 0.06 -0.03∗∗ -0.10∗∗∗ 0.09∗∗ -0.28∗∗∗

(0.25) (0.01) (0.04) (0.04) (0.06)
Oil&Gas, 1997 × ∆t Real Oil Price Index 1.24∗∗∗ 0.03 -0.02 -0.09 -0.62∗∗∗

(0.17) (0.02) (0.03) (0.08) (0.05)
Oil&Gas, 1997 × ∆t Real Value-Added Index 0.92∗∗∗ -0.03 -0.10 0.19 0.40∗∗∗

(0.20) (0.02) (0.06) (0.13) (0.14)
Agriculture, 1997 × ∆t Real Sectoral Price Index 0.03 1.05∗∗∗ -0.04 -0.02 -0.15

(0.05) (0.11) (0.03) (0.07) (0.15)
Agriculture, 1997 × ∆t Real Value-Added Index 0.05 0.21 0.01 -0.04 -0.10

(0.10) (0.30) (0.04) (0.21) (0.14)
Other Mining, 1997 × ∆t Real Sectoral Price Ind 0.31∗ -0.06 0.27∗ 0.06 -0.05

(0.17) (0.04) (0.14) (0.17) (0.09)
Other Mining, 1997 × ∆t Real Value-Added Ind 0.24 0.13 0.89∗∗∗ -0.03 -0.75∗∗

(0.22) (0.11) (0.23) (0.27) (0.36)

State fixed-effects YES YES YES YES YES
Time fixed-effects YES YES YES YES YES
Number of US States 50 50 50 50 50
Number of periods 17 17 17 17 17
Observations 850 850 850 850 850
R2 within 0.59 0.36 0.24 0.00 0.27
R2 adjusted 0.61 0.41 0.27 0.09 0.54

Notes: These results complement Table 4.5, column 3. ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors
clustered at the state level in parentheses. Prices are real 2009 dollars. ∆t Real Value Added denotes annual growth
in the real value added index for each resource industry. ∆t Sectoral Price Index corresponds to annual growth in
price indexes for each sector. We calculate the R2 within using the residuals after we control for both time and
state fixed-effects.

4.A.2 Indirect resource effects revisited

In this part, we provide a more detailed analysis and examine the correlation be-
tween resource-specific abundance on the vector of control variables used in Table
4.4 columns (1)-(3), and calculate the potential full effects.1 We follow the procedure
proposed by Papyrakis and Gerlagh (2007) and consider the next specification:

Zi = σ + ΘRi + Mi (4.A.1)

where Zi and Ri represent the set of control variables and resource abundance mea-
sures, respectively, and Θ is a matrix that maps resource sectors to control variables,
while Mi (capital µi) are the residuals. Then, instead of using the original variables,
we substitute the right-hand side for the control variables in equation 4.1, in order to
calculate the overall impact of natural resources on economic growth. After substitu-
tion, we get an equation that depends on residuals Mi, which contain the variation in
those variables that cannot be explained by resource-specific abundance:

Gi = (α + σϕ) + βYi,0 + [γ + ϕΘ] Ri + ϕMi + εi (4.A.2)

1Recall that cross-sectional correlation does not allow for causal interpretation. Hence, the results in
this section should be taken with caution.
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As can be seen in Table 4.A.2 from the estimation of equation 4.A.1, oil&gas abun-
dance is negative and significantly correlated to investment, private schooling, and
R&D and positively correlated with corruption, budget surplus, and distortionary
taxes. The latter positive correlation points to the observation that US states with the
highest tax rates in 1997, such as Alaska, Wyoming, North Dakota, and New Mex-
ico, are also abundant in oil&gas. However, as shown below, fossil fuel-rich US state
governments tend to make fiscal adjustments in their budgets in response to resource
booms, as documented in James (2015b), reducing distortionary taxes and increasing
public savings and education expenditures.

With respect to openness, only the agricultural industry seems to have a strong
and negative impact. Papyrakis and Gerlagh (2007) discuss reasons for resource-
abundant states to reduce net migration, and they allude to volatility and protection
of local people’s interests. But they also mention that, despite the image of resource
sectors as being dependent on immigrant labor, employment data suggest that the
manufacturing and services sector offers better opportunities for immigrants. An-
other interpretation is that, as pointed out by Bustos et al. (2016), the introduction of
genetically engineered seeds into the economy allows farmers to reduce their total la-
bor demand since modified crops require less labor per unit of land to yield the same
amount of output. As noted above, higher levels of corruption are associated posi-
tively with oil and gas production, but not with agriculture and other mining. No-
tice that private schooling is negatively correlated with resource-specific abundance.
Though public schooling is positively correlated with resource abundance, these are
not significant.

Based on the previous estimation, Table 4.A.3 reports the results derived from
equation 4.A.2, which presents direct plus indirect effects of natural resource abun-
dance. Interestingly, oil, gas, and other mining have lost their positive contribution
to growth. That is, though there is a strong and significant positive direct effect of oil,
gas, and mining on GDP growth, these are canceled by the indirect negative effects.
For agriculture, though, the positive effect is reduced, but it remains significant after
controlling for the indirect effects through transmission channels.

In order to assess the relative contribution for the intermediate variables, Table
4.A.4 shows the relative importance of transmission channels for each resource sec-
tor by presenting the direct effects (γ) and the indirect effects through the control
variables (ϕΘ).2 We see that all negative indirect effects lead to a negligible overall
impact of the mining sector, and the oil and gas production, on economic growth. The
results suggest that, although high energy prices and innovation in oil and gas extrac-
tion pushed up economic growth in mineral-rich states, these states did not benefit
so much overall, because of negative impacts on other important economic variables
such as, for instance, private schooling.

Table 4.A.4 points to education as the most important transmission channel, with
taxes and budget surplus also playing an important role in the indirect transmission

2See the specification given by equation 4.A.2.
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channels for oil&gas abundance. We thus zoom in on the effects of resource abun-
dance on private and public schooling, and distortionary taxation. While Table 4.A.2
correlates initial resource abundance with initial values for those variables, we now
estimate the effect of resource-specific abundance on the annual growth of per capita
real private and public spending on education, and state tax rates over the period
1997-2014. We estimate:

GS
i = α + βS0,i + γRi + ϕZi + ε i (4.A.3)

where GS
i denotes the average annual growth in per capita educational spending, S0,i

denotes the (log of) initial per capita educational spending, Ri are the resource sectors,
and the vector of control variables Zi is given by the average annual growth in real
GDP per capita. A similar empirical model specification is estimated for distortionary
taxation as a share of GDP.

Table 4.A.5 shows the results. There is clear evidence for conditional convergence
in private and public education expenditures, but not for tax rates in US states. Col-
umn 1 is in line with the findings of Papyrakis and Gerlagh (2007), where resource-
rich US states tend to invest less in (private) education. Column 2, in contrast, reports
a positive and significant impact of oil&gas on public spending on education as sug-
gested in James (2017). The intuition for this result is straightforward: during a re-
source boom, state governments receive a higher amount of resource revenues which
allows them to increase general spending, particularly on education (Rickman and
Wang, 2020; James, 2017, 2015b). Column 3 shows the impact of initial resource abun-
dance on distortionary taxation; we find a negative and highly significant relationship
with oil&gas abundance, that is, local governments tend to reduce other taxes when
they receive more revenues from fossil fuel exploitation, which is also consistent with
the findings of James (2015b).

To check that there are indeed differential effects on public and private education
expenditures and connect to previous literature suggesting that oil is good for edu-
cation, rejecting the idea of a "long-run resource curse mechanism" (James, 2017), we
estimate the following panel data model:

Si,t = γ1Ri · Pt + γ2Ri ·VAt + δi + ηt + ε i,t (4.A.4)

where Si,t denotes the (log of) real public and private education expenditures per
capita. We control for the annual sectoral price, Pt, and real value indexes, VAt, and
state-specific fixed-effects and time fixed-effects. Table 4.A.6 reports the point esti-
mates. Columns 1 and 5 are geared to match the findings of James (2017) using a
different approach. We find a highly significant and negative relationship between
real oil prices and private educational spending, and a weakly significant and posi-
tive relationship with public spending in education. These results contrast with James
(2017), who finds no effects on private spending, but a positive and significant effect
on public education expenditures.
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As suggested in Badeeb et al. (2017), differences between samples may cause di-
vergent results. Notice that while James (2017) uses a sample of 48 U.S. states over
1970-2008, a period which covers a continuous decrease in US oil production and two
positive oil price shocks (the 1970s and early 2000s); we exploit data for 50 U.S states
over the period 1997-2014, which contains one demand shock (a rise in the oil price
in the early 2000s) and one supply shock (adoption of the new technology in the late
2000s). An in-depth exploration requires further study, and we leave it as an impor-
tant topic for future research.3

The other columns (2-4,6-8) include all resources and differentiate between supply
and demand effects. We find a highly significant and positive effect on public spend-
ing, but negative and higher in magnitude for private education expenditures. Either
an increase in oil and gas prices or production lead to higher revenues in the form of
royalties for resource-rich governments, which in turn, may expand public spending
(James, 2017, 2015b).4 At the same time, increases in resource income tend to reduce
private investment in human capital accumulation.5 This suggests that a booming
oil&gas industry does not create overall demand for high-skilled workers (Papyrakis
and Gerlagh, 2007).6

3Another potential research avenue would analyze the differential effects of private and public edu-
cation on economic growth.

4Using US state-level data over the period 2004-2016, Rickman and Wang (2020) have documented
asymmetric responses of public education spending to oil and gas shocks in top oil and gas-producing
US states. For example, North Dakota saw a positive and significant increase in public education ex-
penditures. Oklahoma, on the other hand, reported relatively small increases in such spending but also
teacher pay cuts in public schools after 2009.

5A negative connection between resource booms and private investment in human capital has also
been documented in previous studies, as people face a trade-off between work (and receive higher
wages in the resource sector) or go to school, see, for instance, Marchand and Weber (2018) and Weber
(2012). Although we do not pursue this channel, notice that oil and gas extraction has also been neg-
atively associated to educational attainment, see, for example, Rickman et al. (2017), Weber (2014) and
Haggerty et al. (2014).

6There can be an increase in demand for e.g. fracking engineers, offset by decreasing demand for
other high-skilled workers.
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TABLE 4.A.2: Indirect transmission channels

(1) (2) (3) (4) (5) (6) (7) (8)
Investment Pri. Schooling Pub. Schooling Openness R&D Corruption Dist. tax B. Surplus

Constant 1.05∗∗∗ 0.98∗∗∗ 1.49∗∗∗ 2.99∗∗∗ 2.09∗∗∗ 2.81∗∗∗ 7.06∗∗∗ 1.58∗∗∗

(0.17) (0.11) (0.13) (0.27) (0.29) (0.34) (0.35) (0.20)
Oil&Gas, 1997 -0.04∗∗ -0.03∗∗∗ 0.02 -0.06 -0.07∗∗ 0.22∗∗∗ 0.73∗∗∗ 0.58∗∗∗

(0.02) (0.01) (0.02) (0.05) (0.03) (0.07) (0.23) (0.13)
Agriculture, 1997 0.16 -0.08∗∗ 0.07 -0.30∗∗∗ -0.25∗∗∗ 0.20 0.08 -0.05

(0.10) (0.03) (0.04) (0.07) (0.07) (0.20) (0.11) (0.06)
Other Mining, 1997 -0.15∗∗∗ -0.07∗∗ 0.04 -0.18 -0.17∗∗ -0.03 -0.03 -0.16

(0.04) (0.03) (0.05) (0.11) (0.07) (0.17) (0.34) (0.11)
Observations 50 50 50 50 50 50 50 50
R2 adjusted 0.15 0.15 0.01 0.17 0.13 0.08 0.55 0.68
Note: Estimated equation 4.A.1. ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors in parentheses. Columns 1, 2, 3, 7 and 8
use GDP shares at 1997. Column 4 describes openness from 2000 to 2009. Column 5 reports the results for R&D at 1998. Column 6
uses data for corruption from 2001 to 2010.
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TABLE 4.A.3: Growth regressions controlling by indirect effects, 1997-
2014

Dep. var.: av. ann. gr. of pc real GDP 1997-2014

Constant 13.0∗∗ 12.2∗ 15.8∗∗

(6.17) (6.18) (6.78)
Initial GDP pc (ln), 1997 -1.15∗ -1.08∗ -1.42∗∗

(0.58) (0.58) (0.64)
Oil&Gas, 1997 0.03 0.02 0.03

(0.02) (0.03) (0.02)
Agriculture, 1997 0.18∗∗∗ 0.18∗∗∗ 0.17∗∗∗

(0.07) (0.06) (0.06)
Other Mining, 1997 -0.02 -0.02 -0.03

(0.03) (0.04) (0.04)
Investment (r), 1997 0.22 0.26 0.27∗

(0.14) (0.16) (0.15)
Private Schooling (r), 1997 0.59∗∗∗ 0.61∗∗∗ 0.76∗∗∗

(0.12) (0.12) (0.14)
Public Schooling (r), 1997 0.23 0.44∗

(0.20) (0.22)
Distortionary Taxation (r), 1997 -0.14∗∗

(0.06)
Budget Surplus (r), 1997 0.20∗

(0.10)
Openness (r), 2000-2009 0.14 0.18∗ 0.20∗

(0.08) (0.10) (0.10)
R&D (r), 1998 0.10∗ 0.11∗ 0.13∗

(0.06) (0.06) (0.06)
Corruption (r), 2001-2010 0.10 0.10 0.11

(0.08) (0.08) (0.07)

Observations 50 50 50
R2 adjusted 0.43 0.45 0.47

Note: Above results complement Table 4.4, columns 1-3. ∗

p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01. Robust standard errors in
parentheses. The dependent variable is the average annual
growth in real GDP per capita from 1997 to 2014. (r): resid-
uals. Columns 1-3 use the residuals, Mi,k, from the equation
(4.A.1) for each control variable, k.
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TABLE 4.A.4: Relative importance of transmission channels

Transmission channels ϕ Θ Contribution to γ + ϕΘ Ratio to DE (%)

Oil and Gas Extraction

Direct effect (DE) 0.04 100
Indirect effect (IE) -0.01 -21

Investment 0.27 -0.04 -0.01 -27
Priv. Schooling 0.76 -0.03 -0.02 -57
Pub. Schooling 0.44 0.02 0.01 22
Dist. Taxation -0.14 0.73 -0.10 -256
Budget Surplus 0.20 0.58 0.12 290
Openness 0.20 -0.06 -0.01 -31
R&D 0.13 -0.07 -0.01 -23
Corruption 0.11 0.22 0.02 61

Total effect (DE+IE) 0.03 79

Agriculture

Direct effect (DE) 0.25 100
Indirect effect (IE) -0.08 -32

Investment 0.27 0.16 0.04 17
Priv. Schooling 0.76 -0.08 -0.06 -24
Pub. Schooling 0.44 0.07 0.03 12
Dist. Taxation -0.14 0.08 -0.01 -4
Budget Surplus 0.20 -0.05 -0.01 -4
Openness 0.20 -0.30 -0.06 -24
R&D 0.13 -0.25 -0.03 -13
Corruption 0.11 0.20 0.02 9

Total effect (DE+IE) 0.17 68

Mining, except oil and gas

Direct effect (DE) 0.13 100
Indirect effect (IE) -0.16 -128

Investment 0.27 -0.15 -0.04 -32
Priv. Schooling 0.76 -0.07 -0.05 -41
Pub. Schooling 0.44 0.04 0.02 14
Dist. Taxation -0.14 -0.03 -0.00 -3
Budget Surplus 0.20 -0.16 -0.03 -25
Openness 0.20 -0.18 -0.04 -28
R&D 0.13 -0.17 -0.02 -17
Corruption 0.11 -0.03 0.00 -3

Total effect (DE+IE) -0.03 -28

Note: Coefficients: γ (Table 4.4, column 3); Θ (Table 4.A.2) ; and ϕ (Table 4.A.3).
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TABLE 4.A.5: Effects of Resource Abundance on Educational Spending
and distortionary taxation, 1997-2014

(1) (2) (3)
Priv. Edu. Pub. Edu. Dist. Tax.

Constant 7.20∗∗∗ 6.83∗∗∗ 1.09
(1.66) (1.72) (0.96)

Private Edu. Spending pc (ln), 1997 -0.76∗∗∗

(0.27)
Public Edu. Spending pc (ln), 1997 -0.76∗∗∗

(0.26)
Distortionary taxation (ln), 1997 -0.44

(0.49)
Oil&Gas, 1997 -0.12∗∗ 0.05∗∗ -0.17∗∗∗

(0.05) (0.02) (0.04)
Agriculture, 1997 -0.21∗∗∗ -0.13∗ -0.05

(0.07) (0.07) (0.06)
Other Mining, 1997 -0.07 -0.00 0.07

(0.18) (0.07) (0.05)
Annual avg. economic growth, 1997-2014 0.08 0.37∗∗

(0.18) (0.14)

Observations 50 50 50
R2 adjusted 0.17 0.11 0.40

Note: Estimated equation (4.A.3). ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01. Robust
standard errors in parentheses. The dependent variables are the average annual
growth in private and public education spending per capita; and in the share of
distortionary taxation in GDP at the state level during 1997-2014.
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TABLE 4.A.6: Resource abundance effects on educational expenditures, 1997-2014

Pri. Edu. Spending pc (ln) Pub. Edu. Spending pc (ln)

(1) (2) (3) (4) (5) (6) (7) (8)

Oil&Gas, 1997 × Real Gas Price Indext 0.003∗ 0.004∗∗ 0.001 -0.002∗∗∗ -0.002∗∗∗ -0.001
(0.002) (0.002) (0.002) (0.001) (0.001) (0.002)

Oil&Gas, 1997 × Real Oil Price Indext -0.006∗∗ -0.007∗∗∗ -0.007∗∗ 0.003∗ 0.002 0.001
(0.003) (0.003) (0.003) (0.002) (0.002) (0.002)

Oil&Gas, 1997 × Real Value-Added Indext -0.022∗∗ -0.010∗∗∗ 0.010∗∗∗ 0.005
(0.008) (0.003) (0.003) (0.006)

Agriculture, 1997 × Real Sectoral Price Indext -0.023∗∗ -0.017∗∗∗ -0.001 0.003
(0.009) (0.006) (0.011) (0.007)

Agriculture, 1997 × Real Value-Added Indext -0.021 -0.015 -0.010 -0.011
(0.014) (0.012) (0.015) (0.012)

Mining, 1997 × Real Sectoral Price Indext 0.008 0.008 0.010∗ 0.011∗∗

(0.013) (0.013) (0.005) (0.005)
Mining, 1997 × Real Value-Added Indext -0.031 -0.023 -0.017∗ -0.010

(0.035) (0.023) (0.010) (0.012)

State fixed-effects YES YES YES YES YES YES YES YES
Time fixed-effects YES YES YES YES YES YES YES YES
Number of US States 50 50 50 50 50 50 50 50
Number of periods 18 18 18 18 16 16 16 16
Observations 900 900 900 900 800 800 800 800
R2 within 0.06 0.09 0.04 0.10 0.02 0.04 0.01 0.05
R2 adjusted 0.99 0.99 0.99 0.99 0.96 0.96 0.96 0.96

Note: Estimated equation (4.A.4). ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered at the state level in parentheses.
The dependent variable is the annual private (columns 1 to 4) and public (columns 5 to 8) education spending per capita from 1997 to
2014. There are no US state statistics available for public spending at 2001 and 2003. We calculate the R2 within using the residuals
after we control for both time and state fixed-effects.



106 Resource-Richness and Economic Growth in Contemporary U.S.

4.A.3 Outliers

To check the robustness of our main results to the presence of outliers, we follow the
procedure of Acemoglu et al. (2017). First, we drop out observations with standard-
ized residuals higher than 1.96 in absolute value. Second, we proceed to eliminate
observations with a Cook’s distance greater than 4/TN, where T is the number of
periods and N the number observations. Third, based on the methodology proposed
by Li (1985) and Huber (1973), we calculate two distinct robust estimators that weigh
observations differentially according to their characteristics, that is, outliers in general
either receive a lower weight or are dropped out.

TABLE 4.A.7: Effect of Resource Abundance on Economic Growth con-
trolling for outliers, 1997-2014

Dep. var.: av. ann. gr. of pc real GDP 1997-2014
(1) (2) (3) (4) (5)

Constant 19.8∗∗∗ 13.0∗∗∗ 13.4∗ 13.0∗∗ 16.3∗∗∗

(7.14) (4.70) (7.71) (6.03) (5.10)
Initial GDP per capita (ln), 1997 -1.99∗∗∗ -1.26∗∗ -1.31∗ -1.26∗∗ -1.59∗∗∗

(0.71) (0.47) (0.72) (0.58) (0.52)
Natural Resources, 1997 0.12∗∗∗ 0.10∗∗∗ 0.10∗∗∗ 0.10∗∗∗ 0.11∗∗∗

(0.03) (0.02) (0.03) (0.02) (0.02)
Investment, 1997 0.38∗∗ 0.20∗∗∗ 0.18∗ 0.18∗∗ 0.27∗∗

(0.17) (0.06) (0.10) (0.09) (0.11)
Private Schooling, 1997 0.71∗∗∗ 0.69∗∗∗ 0.70∗∗∗ 0.65∗∗∗ 0.69∗∗∗

(0.14) (0.13) (0.14) (0.17) (0.13)
Public Schooling, 1997 0.54∗∗ 0.29∗∗∗ 0.20 0.20 0.38∗∗

(0.25) (0.10) (0.22) (0.19) (0.17)
Distortionary Taxation, 1997 -0.17∗∗∗ -0.13∗∗∗ -0.09 -0.09 -0.15∗∗∗

(0.06) (0.04) (0.05) (0.08) (0.04)
Budget Surplus, 1997 0.12 0.06 0.12 0.12 0.09

(0.09) (0.05) (0.09) (0.10) (0.06)
Openness, 2000-2009 0.22∗∗ 0.10∗ 0.11 0.11 0.15∗∗

(0.11) (0.06) (0.07) (0.07) (0.07)
R&D, 1998 0.16∗∗ 0.11∗∗ 0.09 0.09 0.13∗∗

(0.07) (0.05) (0.07) (0.06) (0.06)
Corruption, 2001-2010 0.11 0.04 0.05 0.02 0.06

(0.08) (0.05) (0.05) (0.04) (0.06)

Observations 50 48 45 49 50
R2 adjusted 0.38 0.39 0.32 0.26

Note: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors in parentheses. The
dependent variable is the average annual growth in real GDP per capita from 1997
to 2014. Column 1 reproduces our main results as in Table 4.3, column 3. Column
2 drops out observations with standardized residuals higher than 1.96 in absolute
value. Column 3 eliminates observations with a Cook’s distance greater than 4/TN.
Column 4 compute the Li (1985) estimators. Column 5 reports the Huber (1973)
estimation.

Table 4.A.7 reports the results for our estimations using the share of the primary
sector in the GDP as the independent variable. The point estimates indicate a positive
and highly significant relationship with the average annual economic growth rates in
the US states over the period 1997-2014, as reproduced before.
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TABLE 4.A.8: Effect of Resource-Specific Abundance on Economic
Growth controlling for outliers, 1997-2014

Dep. var.: av. ann. gr. of pc real GDP 1997-2014
(1) (2) (3) (4) (5)

Constant 13.6∗∗ 9.19∗ 4.99 7.36 10.7∗∗

(6.57) (4.64) (6.01) (5.80) (4.56)
Initial GDP per capita (ln), 1997 -1.42∗∗ -0.90∗ -0.52 -0.72 -1.07∗∗

(0.64) (0.46) (0.56) (0.56) (0.45)
Oil&Gas, 1997 0.04 0.07 0.06 0.06 0.05

(0.05) (0.04) (0.04) (0.05) (0.04)
Agriculture, 1997 0.25∗∗∗ 0.20∗∗∗ 0.16∗∗∗ 0.20∗∗∗ 0.22∗∗∗

(0.06) (0.02) (0.05) (0.04) (0.03)
Other Mining, 1997 0.13∗∗ 0.09∗∗∗ 0.06 0.08 0.11∗∗∗

(0.05) (0.03) (0.04) (0.05) (0.04)
Investment, 1997 0.27∗ 0.13∗ 0.06 0.09 0.17∗

(0.16) (0.07) (0.10) (0.08) (0.10)
Private Schooling, 1997 0.76∗∗∗ 0.72∗∗∗ 0.62∗∗∗ 0.67∗∗∗ 0.72∗∗∗

(0.14) (0.11) (0.11) (0.16) (0.10)
Public Schooling, 1997 0.44∗ 0.25∗∗ 0.22 0.15 0.30∗∗

(0.23) (0.11) (0.23) (0.17) (0.15)
Distortionary Taxation, 1997 -0.14∗∗ -0.12∗∗∗ -0.03 -0.08 -0.13∗∗∗

(0.06) (0.04) (0.06) (0.08) (0.04)
Budget Surplus, 1997 0.20∗ 0.10 0.17∗∗ 0.15∗ 0.15∗∗

(0.10) (0.06) (0.08) (0.09) (0.06)
Openness, 2000-2009 0.20∗ 0.10 0.14∗ 0.10 0.14∗∗

(0.10) (0.06) (0.07) (0.07) (0.07)
R&D, 1998 0.13∗ 0.10∗ 0.01 0.06 0.10∗

(0.07) (0.05) (0.06) (0.06) (0.05)
Corruption, 2001-2010 0.11 0.04 -0.01 0.02 0.06

(0.07) (0.03) (0.05) (0.04) (0.05)

Observations 50 48 44 49 50
R2 adjusted 0.47 0.50 0.27 0.37

Note: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors in parentheses. The
dependent variable is the average annual growth in real GDP per capita from 1997
to 2014. Column 1 reproduces our main results from Table 4.4, column 3. Column
2 drops out observations with standardized residuals higher than 1.96 in absolute
value. Column 3 eliminates observations with a Cook’s distance greater than 4/TN.
Column 4 compute the Li (1985) estimators. Column 5 reports the Huber (1973)
estimation.
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Likewise, Table 4.A.8 displays the results when we use resource-specific abun-
dance across the different model specifications. As shown above, the coefficient for
agriculture is highly significant and positive, though the oil&gas coefficient remains
insignificant due mainly to the inclusion of fiscal policy variables such as public
schooling, taxes, and budget surplus, which are highly correlated with oil&gas abun-
dance. For other mining, we find positive and significant effects in three estimations.
Overall, we can conclude that over the period 1997-2014, resource-specific abundance
was good for resource-rich states.

In the same line, Table 4.A.9 shows the results for our panel data estimations. For
instance, we drop 53 observations between columns 1 and 2 which are associated with
standardized residuals higher than 1.96 in absolute value. Figure 4.A.1 below shows
which states have outliers, and whether these have a large oil and gas sector in 1997
and 2014, respectively.
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FIGURE 4.A.1: Oil&Gas abundance across US states, 1997 vs. 2014

Note: The red circles identify US states with outliers in our panel dataset. The outliers are defined as
observations with standardized residuals higher than 1.96 in absolute value.

The US states with outliers are Alaska, Delaware, Idaho, Louisiana, Nevada, North
Dakota, Oregon, South Dakota, and Wyoming. We find that the number of obser-
vations per state that qualify as outlier correlates positively with oil&gas industry
shares in 1997 and 2014. We find, however, no significant correlation with new frack-
ing states. To see this in the graph, note that some of the states mentioned above are
new fracking states, yet Oklahoma, Texas and New Mexico benefited from the new
gas and oil technologies, but do not have outliers.

As before, we find that the interaction between oil&gas abundance with the re-
source sector’s real value-added remains positive and significant, and no significant
technology effects in the agriculture sector across the different approaches to control-
ling for outliers. Notice that sectoral prices also played a role in the economic growth
experienced by the US states over the last two decades.
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TABLE 4.A.9: Effects of resource-specific abundance on economic
growth rates controlling for outliers, 1997-2014

Dependent variable: ∆ ln(Real GDP per capita) (1) (2) (3) (4) (5)

Oil&Gas, 1997 × ∆t Real Gas Price Index -0.26 0.02 -0.14∗ 0.13 -0.10
(0.19) (0.10) (0.08) (0.102) (0.24)

Oil&Gas, 1997 × ∆t Real Oil Price Index 0.54∗∗∗ 0.54∗∗∗ 0.68∗∗∗ 0.67∗∗∗ 0.60
(0.13) (0.12) (0.13) (0.14) (0.58)

Oil&Gas, 1997 × ∆t Real Value Added Index 1.38∗∗∗ 1.81∗∗∗ 1.89∗∗∗ 1.98∗∗∗ 1.61∗

(0.23) (0.23) (0.30) (0.26) (0.85)
Agriculture, 1997 × ∆t Real Sectoral Price Index 0.86∗∗∗ 0.80∗∗∗ 0.93∗∗∗ 0.89∗∗∗ 0.95∗∗∗

(0.14) (0.11) (0.11) (0.17) (0.21)
Agriculture, 1997 × ∆t Real Value Added Index 0.13 0.46∗∗ 0.27 0.43 0.44

(0.55) (0.22) (0.30) (0.31) (0.41)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.52∗∗ 0.44∗∗∗ 0.40∗∗ 0.15 0.40

(0.21) (0.08) (0.17) (0.16) (0.40)
Other Mining, 1997 × ∆t Real Value Added Index 0.48 0.75∗∗ 1.02∗∗∗ 0.19 0.54

(0.53) (0.33) (0.31) (0.60) (0.83)

State fixed-effects YES YES YES YES YES
Time fixed-effects YES YES YES YES YES
Observations 850 797 786 850 850
R2 within 0.11 0.16 0.17 0.15
R2 adjusted 0.44 0.58 0.59 0.51

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered at the state level in parentheses.
Prices are real 2009 dollars. ∆t Real Value Added denotes annual growth in the real value added index for each
resource industry. ∆t Sectoral Price Index corresponds to annual growth in price indexes for each sector. Column
1 reproduces our main results from Table 4.5, column 3. Column 2 drops out observations with standardized
residuals higher than 1.96 in absolute value. Column 3 eliminates observations with a Cook’s distance greater
than 4/TN. Column 4 compute the Li (1985) estimators. Column 5 reports the Huber (1973) estimation. We
calculate the R2 within using the residuals after we control for both time and state fixed-effects.

Finally, Table 4.A.10 displays the results for our estimations on the relationship
between resource prices and education expenditures in the US states. All our previous
conclusions hold, though in three specifications the positive impact of the real oil price
on public education spending is now highly significant as in James (2017).

4.A.4 Distinct sub-periods and lagged shocks

Here, we also evaluate whether the findings are robust to a different separation year
in the cross-sectional analysis and to a distinct specification for the oil and gas price
shocks in the panel data estimations. First, Table 4.A.11 presents the results for our
preferred specification in Table 4.4, columns 4 and 7, over the periods 1997-2005 and
2006-2014, respectively. As suggested above, while the oil and gas industry did not
have a significant impact on economic growth rates over the first years, oil and gas-
rich states saw an increase in income during the second period due to the production
innovations documented in the stylized facts section. The agriculture coefficient is
statistically significant in both periods but higher from 2006 onwards, which confirms
that the price increase due to the introduction of biofuel policies pushed up economic
growth after 2006. The mining coefficient is no longer significant.

Second, there is evidence that high oil and gas prices allowed the oil&gas industry
to increase its investments in new technology, so that as suggested for an anonymous
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TABLE 4.A.10: Effects of resource prices on educational spending con-
trolling for outliers

Dependent variable: Private Education Spending pc (ln)

(1) (2) (3) (4) (5)

Oil&Gas, 1997 × Real Gas Price Indext 0.003∗ 0.003 0.002 0.003∗∗∗ 0.003∗∗∗

(0.002) (0.002) (0.002) (0.001) (0.001)
Oil&Gas, 1997 × Real Oil Price Indext -0.006∗∗ -0.007∗∗∗ -0.007∗∗∗ -0.007∗∗∗ -0.007∗∗∗

(0.003) (0.002) (0.002) (0.001) (0.001)

State fixed-effects YES YES YES YES YES
Time fixed-effects YES YES YES YES YES
Observations 900 853 853 900 900
R2 within 0.06 0.24 0.22 0.52
R2 adjusted 0.99 0.99 0.99 0.99

Dependent variable: Public Education Spending pc (ln)

(6) (7) (8) (9) (10)

Oil&Gas, 1997 × Real Gas Price Indext -0.002∗∗∗ -0.002∗∗∗ -0.002∗∗∗ -0.002∗ -0.002∗

(0.001) (0.001) (0.001) (0.001) (0.001)
Oil&Gas, 1997 × Real Oil Price Indext 0.003∗ 0.003∗ 0.004∗∗ 0.003∗∗∗ 0.003∗∗∗

(0.002) (0.002) (0.002) (0.001) (0.001)

State fixed-effects YES YES YES YES YES
Time fixed-effects YES YES YES YES YES
Observations 800 755 752 800 800
R2 within 0.02 0.07 0.08 0.05
R2 adjusted 0.96 0.97 0.97 0.96

Notes: ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors clustered at the state level in parentheses.
Prices are real 2009 dollars. ∆t Real Value Added denotes annual growth in the real value added index for each
resource industry. ∆t Sectoral Price Index corresponds to annual growth in price indexes for each sector. There
are no US state statistics available for public spending at 2001 and 2003. Columns 1 and 6 reproduce results in
columns 1 and 5 from Table 4.A.6. Column 2 and 7 drop out observations with standardized residuals higher
than 1.96 in absolute value. Column 3 and 8 eliminate observations with a Cook’s distance greater than 4/TN.
Columns 4 and 9 compute the Li (1985) estimators. Column 5 and 10 report the Huber (1973) estimation. We
calculate the R2 within using the residuals after we control for both time and state fixed-effects.
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TABLE 4.A.11: Effects of Resource-Specific Abundance on Economic
Growth, with period split at 2006

Dependent variable: Average Annual Growth Real GDPpc
(1) (2)

1997-2005 2006-2014

Constant 9.52∗ 19.1
(5.13) (12.7)

Initial GDP per capita (ln) -0.89∗ -2.03
(0.58) (1.21)

Oil&Gas -0.03 0.09∗∗∗

(0.03) (0.03)
Agriculture 0.20∗∗∗ 0.52∗∗

(0.04) (0.20)
Other Mining 0.10 0.07

(0.07) (0.12)
Investment 0.01 0.56∗

(0.07) (0.31)
Private Schooling 0.53∗∗∗ 0.56∗∗∗

(0.12) (0.17)
Openness 0.19∗∗∗ 0.46

(0.05) (0.36)
R&D 0.08∗ 0.21∗

(0.04) (0.12)
Corruption 0.04 0.06

(0.04) (0.06)

Observations 50 50
R2 adjusted 0.48 0.49

Note: Above results complement Table 4.4, columns 4 and 7.
∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01. Robust standard errors
in parentheses. All the variables denote initial values except
for openness (column 1 uses data from 2001-2006, column 2
from 2006 to 2014), R&D (column 1 refers to observations at
1997, column 2 to data at 2006) and corruption (columns 1
represent data from 2001 to 2006, and column 2 from 2006 to
2014).
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referee, construction and drilling activities may precede actual production. We thus
add a specification with oil and gas prices lagged one year. Table 4.A.12 presents the
outcomes, which confirm the main analysis of Table 4.5. Notably, the negative sign
for the gas price coefficient that we attributed to omitted variable bias has vanished.
Indeed, the lag weakens the (negative) correlation between gas prices and productiv-
ity. The positive sign for oil prices suggests then that oil prices were instrumental for
the posterior shale revolution, as indicated by Kilian (2016).

TABLE 4.A.12: Effects of resource-specific abundance on economic
growth rates, using lagged gas and oil prices, 1997-2014

(1) (2) (3)

Oil&Gas, 1997 × ∆t−1 Real Gas Price Index 0.12 0.05
(0.13) (0.14)

Oil&Gas, 1997 × ∆t−1 Real Oil Price Index 0.46∗∗∗ 0.31∗∗

(0.16) (0.14)
Oil&Gas, 1997 × ∆t Real Value-Added Index 1.15∗∗∗ 1.00∗∗∗

(0.16) (0.14)
Agriculture, 1997 × ∆t Real Sectoral Price Index 0.87∗∗∗ 0.87∗∗∗

(0.18) (0.15)
Agriculture, 1997 × ∆t Real Value-Added Index -0.11 0.20

(0.58) (0.60)
Other Mining, 1997 × ∆t Real Sectoral Price Index 0.43∗∗ 0.57∗∗

(0.21) (0.25)
Other Mining, 1997 × ∆t Real Value-Added Index 0.06 0.68

(0.51) (0.48)

State fixed-effects YES YES YES
Time fixed-effects YES YES YES
Number of US States 50 50 50
Number of periods 16 17 16
Observations 800 850 800
R2 within 0.08 0.06 0.12
R2 adjusted 0.42 0.41 0.44
Notes: Above results complement Table 4.5. ∗p < 0.10, ∗∗p < 0.05, ∗∗∗p < 0.01.
Robust standard errors clustered at the state level in parentheses. Prices are real
2009 dollars. ∆t Real Value Added denotes annual growth in the real value added
index for each resource industry. ∆t Sectoral Price Index corresponds to annual
growth in price indexes for each sector. We calculate the R2 within using the
residuals after we control for both time and state fixed-effects.
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Chapter 5

OPTIMAL POLICIES IN AN AGING SOCIETY1

5.1 Introduction

Population aging poses a significant amount of fiscal pressure on the sustainability of
social security systems (Hosseini and Shourideh, 2019; McGrattan and Prescott, 2017).
In standard pay-as-you-go (PAYG) pension schemes, a relatively small working-age
population limits the fiscal resources available to finance the retirement benefits of
a relatively large group of pensioners. When facing such a scenario governments
should increase marginal tax rates, reduce pension benefits, or implement institu-
tional reforms such as raising the pension eligibility age (or a mix of these measures)
in order to ensure fiscal sustainability.

This paper adopts an analytical framework to analyze optimal social security poli-
cies in an aging society. This framework extends the standard two-period overlapping
generations model á la Diamond (1965) with demographic change, age-dependent la-
bor productivity, and endogenous retirement. By considering logarithmic preferences
over consumption and leisure and a Cobb-Douglas production function, we can de-
rive closed-form solutions for optimal policies.2 As a first step, conditional on the tax
rates on labor income, we analyze the behavior of the decentralized economy. As a
second step, the social planner problem is solved. In a third step, we explore optimal
social security policies in the decentralized economy. In all cases, we distinguish be-
tween the case in which workers retire immediately at the start of the second period
(full retirement) and the case in which they retire later (partial retirement). We pay
special attention to the effects of demographic change on labor supply, the tax rates,
and capital accumulation.

Our benchmark model provides the following insights. First, we show analyti-
cally there exists a threshold for the tax rate that separates a full retirement equilib-
rium from a partial retirement equilibrium. On the one hand, if the tax rate is suffi-
ciently high and it exceeds such a threshold, households choose to completely retire
at the beginning of the second period of their lives. On the other hand, if the tax rate

1This chapter is based on joint work with Ed Westerhout
2A fully-fledged model with more generations could be important to check the validity of our main

results, and to connect with new available micro-data at the household level. Nonetheless, we believe
that a simpler model allows us to get a better sense of the mechanisms. In this paper, we follow tradition
and use an otherwise standard two-period OLG model, with the second period being divided into two
sub-periods, for tractability reasons.
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falls short of this threshold, households choose to retire later. This result extends the
one in Miyazaki (2019). Unlike that paper, in our case the threshold also depends on
demographic parameters, i.e., the fertility rate and the probability of surviving into
the second period. In particular, we find that the threshold is an increasing function of
life expectancy and a decreasing function of the fertility rate. Intuitively, both a higher
probability of survival and a lower fertility rate have general equilibrium effects that
increase the wage rate and decrease the returns on savings, so that older households
are encouraged to work more in the second period of their life even if they need to
contribute to a greater extent to the social security system. At the same time, a higher
productivity in old age also puts upward pressure on the threshold, whereas an in-
crease in the preference for leisure and productivity in young age decrease it.

Second, as in Miyazaki (2019), we can also identify additional cases under which
the threshold is negative. It turns out that households may decide to leave the la-
bor market even if the tax rate on labor income is relatively low and less distorting.
Miyazaki (2019) discusses the cases in which preferences for leisure are strong, the
capital share is high, and productivity in old ages is low. In our framework, in ad-
dition to those effects, we also observe that either a high fertility rate or a low life
expectancy make people fully retire once they reach their old age. These considera-
tions may help us to explain why demographic change i.e., either a fertility bust or a
longevity boom, creates incentives for people to stay in the labor market for a longer
period of time in older ages.

Third, we show that regardless the type of equilibrium, conditional on the tax
rate, the capital-labor ratio increases with life expectancy and decreases with the fer-
tility rate. On the one hand, as people expect to live longer, they increase their savings
and work more when old, to finance an increasing consumption. On the other hand, a
reduction in the population growth rate in the economy as a consequence of lower fer-
tility rates leads to a higher steady-state capital-labor ratio. Both effects imply lower
returns on capital as a by-product of aging.3

Fourth, we solve for optimal policies by assuming that the social planner maxi-
mizes the welfare of a generation born in the steady state. We then determine the
tax rates on labor income that decentralize the allocation derived in the command
optimum as a competitive equilibrium. In particular, we solve two different cases (i)
when the government, in addition to the tax rate as a policy instrument, can also de-
cide about retirement and (ii) when the government cannot manipulate the retirement
age, but only the tax rate on labor income. The first case serves as a useful benchmark
for understanding the effects of endogenous retirement on optimal tax policies.

Similar in spirit to Miyazaki (2019), we show that when the social planner is
not able to decide about retirement, the command optimum can only be replicated
through taxes when people decide to leave the labor market once they get older i.e.,
there is full retirement. In this particular case, it turns out that capital accumulation

3These theoretical results are consistent with the empirical findings in Bloom et al. (2010).
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follows the Golden rule. Under partial retirement, nonetheless, tax rates on labor in-
come in the decentralized economy when the government chooses the retirement age
and in the market economy when households decide about retirement are not equal-
ized. Intuitively, when the government cannot choose the retirement age, the tax rate,
as the only instrument available, is not able to implement both the Golden rule for
capital and the optimal level of leisure.

In a numerical example, we characterize optimal policies under partial retirement
and discuss two demographic shocks: (i) an increase in life expectancy, and (ii) a re-
duction in the fertility rate. The first shock increases the optimal tax rate and encour-
ages people to work more when they get older relative to the benchmark. The second
shock decreases the optimal tax rate on labor income because the positive effect on
labor supply is stronger and then the fiscal needs are lower.

The closest papers to ours are the ones by Miyazaki (2019) and Michel and Pestieau
(2013). However, we differ from them in that we allow for demographic change. This
extension yields more general results and can inform about optimal policies under
sustainability concerns. It also allows to go further into the effects of population ag-
ing on fiscal policies and the role of endogenous retirement, similar in spirit to Chen
(2018), who studies the impact of fertility rates and flexible retirement on pension
benefits, and to Cipriani (2018), who develops a framework to analyze the effect of
population aging on pension payouts, but not derive optimal policies.4

The paper is organized as follows. Section 5.2 introduces the benchmark model.
Section 5.3 solves for the competitive equilibrium and presents a steady-state analy-
sis using comparative statics. Section 5.4 discusses optimal policies under different
constraints on fiscal instruments. Section 5.5 presents a numerical example. Section
5.6 concludes.

5.2 The model

Along the lines of Miyazaki (2019) and Michel and Pestieau (2013), consider a two-
period overlapping generations model with demographic features, particularly, a
time-varying fertility rate and survival probability. Young people supply labor in-
elastically, consume, accumulate assets, and contribute to a PAYG scheme. Given a
specific probability of survival for the second period, households who reach old age
consume the returns on their savings. Households may want to work less than full-
time in the second period of their lives and choose to consume some leisure time.
If so, we assume their preferred amount of leisure determines their retirement date:
before that date, they work full time, whereas after that date they do not work at all.
Finally, older people also pay taxes on their labor income to finance the social security
system and receive pensions upon retirement.

4For the implication for the case with endogenous fertility see, for example, Cipriani and Fioroni
(2019). Nonetheless, they do not discuss optimal policies.
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5.2.1 Demographics

The size of each young generation is given by Ny
t . It evolves as Ny

t+1 = nt+1Ny
t , where

nt+1 denotes the fertility rate. Of each young generation only a fraction π survives
to the next period. Hence, the size of the old generation, No

t+1, can be expressed
as πt+1Ny

t . The total population in period t is then Nt = Ny
t + πtN

y
t−1. The old-

age dependency ratio, defined as the size of the old relative to that of the young
generation, can be expressed as follows,

No
t

Ny
t
=

πtN
y
t−1

ntN
y
t−1

=
πt

nt
(5.1)

This indicates that both a lower fertility rate and a higher life expectancy, measured
as the probability of survival, lead to a higher old-age dependency ratio, and to an
aging society.

5.2.2 Households

Time is discrete and runs to infinity. Households live for two periods and have prefer-
ences over consumption when they are young, cy

t , and old, co
t ; and receive utility from

leisure, vo
t+1 ≤ 1, in the second period when they may decide how much labor to sup-

ply (or when to become a retiree). In the first period, households supply inelastically
their time endowment, which is assumed to be equal to one. For the utility function,
we adopt a logarithmic functional form so that income and substitution effects are
canceled out. we make these assumptions to obtain closed-form solutions.

Households discount the future using a subjective discount factor β ∈ (0, 1], and
the time-varying survival rate, πt+1 ∈ (0, 1], and maximize over consumption and
leisure using preferences described by,

ut = ln cy
t + βπt+1 [ln co

t+1 + ξ ln vo
t+1] (5.2)

subject to a sequence of budget constraints as follows,

cy
t + st = (1− τt)φ

ywt (5.3)

co
t+1 = Rt+1st + φo(1− vo

t+1)wt+1(1− τt+1) + vo
t+1 pt+1 (5.4)

where Rt+1 ≡ rt+1/πt+1 is the risk-adjusted return on savings and rt+1 describes the
market interest rate. τt is the tax rate that applies to the young and the older people
uniformly. pt+1 denotes pension benefits and φy, φo ∈ (0, 1] indicate productivity
levels for young and older people, respectively.

By substituting savings, one can then derive the lifetime budget constraint as fol-
lows,

cy
t +

co
t+1

Rt+1
= (1− τt)φ

ywt +
φo(1− vo

t+1)wt+1(1− τt+1) + vo
t+1 pt+1

Rt+1
(5.5)
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Notice that, under this specification, households only receive pension benefits when
they retire.5

5.2.3 Firms

A representative firm produces the final good using capital, Kt, and labor, Lt. The
technology is given by a standard Cobb-Douglas production function which satisfies
the usual Inada conditions. We assume full depreciation of capital and abstract from
productivity growth, so that total factor productivity, A, is just a scaling factor,

Yt = AKα
t L1−α

t (5.6)

where aggregate labor, in effective units of labor, is Lt = φyNy
t + φo(1− vo

t )No
t . Solv-

ing the static maximization firm’s problem, the gross rate of capital returns and the
real wage are,

rt = αAkα−1
t (5.7)

wt = (1− α)Akα
t (5.8)

where kt = Kt/Lt is the capital-labor ratio.

5.2.4 Government

Since we assume that the only role for the government in this economy is to run a
PAYG system, its budget constraint can be written as follows,

vo
t+1No

t+1 pt+1 = τt+1wt+1φyNy
t+1 + τt+1wt+1φo(1− vo

t+1)No
t+1 (5.9)

Here, the left-hand side of the equation describes the amount of resources the gov-
ernment should raise in order to finance the PAYG system; the right-hand side de-
notes collected revenue by taxing labor income. Using the definition for the old-
dependency ratio, (5.1), the budget constraint for the government simplifies to,

vo
t+1 pt+1 = τt+1wt+1

{
φy nt+1

πt+1
+ φo(1− vo

t+1)

}
(5.10)

5.2.5 Aggregation

Aggregate capital is given by individual savings times the size of the young genera-
tion, that is,

Kt+1 = Ny
t st (5.11)

5One may think of a different pension system that provides social security benefits once households
reach an older age, even if they decide to work. However, we do not pursue such approach here.



118 Optimal Policies in an Aging Society

Aggregate labor in effective units, in terms of old-age productivity and size of the
population in each cohort, is given by,

Lt = φyNy
t + φo(1− vo

t )No
t = Ny

t

{
φy + φo(1− vo

t )
πt

nt

}
(5.12)

Hence, it turns out that aggregate capital can be written as,

Kt+1 = Lt

{
φy + φo(1− vo

t )
πt

nt

}−1

st (5.13)

Aggregate labor in effective units evolves as follows,

Lt+1

Lt
=

φyNy
t+1 + φo(1− vo

t+1)No
t+1

φyNy
t + φo(1− vo

t )No
t

=
φynt+1 + φo(1− vo

t+1)πt+1

φy + φo(1− vo
t )

πt
nt

(5.14)

Hence, combining equations (5.13) and (5.14), it turns out that the capital-labor ratio,
k ≡ K/L, can be expressed as a function of individual savings,

kt+1 = (φynt+1 + φo(1− vo
t+1)πt+1)

−1 st (5.15)

5.3 Competitive equilibrium

The solution to the household’s maximization problem, taking as given fiscal policy
i.e., the labor income tax rate and pension benefits, can be summarized by the usual
Euler equation and the intra-temporal condition which refers to the trade-off between
consumption and leisure in old age (see Appendix 5.A.1),

co
t+1 = βrt+1cy

t (5.16)

ξco
t+1

vo
t+1
≥ φowt+1(1− τt+1)− pt+1 (5.17)

where the last weak inequality follows from the constraint on the amount of time
available for leisure. Since preferences are separable and logarithmic, households
will never choose a zero amount of leisure, that is, in any equilibrium we must have
vo

t+1 > 0. So, given the value of parameters and policies, there are two alternatives.
First, the household can fully retire once it reaches old age, vo

t+1 = 1, or it can work a
fraction of its time, 0 < vo

t+1 < 1.
Using the previous optimality conditions and the lifetime budget constraints for

the households, one can derive the following expressions for the individual saving
rate and leisure demand as functions of prices, labor income taxes, and pension ben-
efits,

st =
βπt+1

1 + βπt+1
(1− τt)φ

ywt −
φo(1− vo

t+1)wt+1(1− τt+1) + vo
t+1 pt+1

(1 + βπt+1)Rt+1
(5.18)
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vo
t+1 = min

{
ξ (αφynt+1 + φoπt+1) + τt+1(1− α) [(1 + ξ)φynt+1 + φoπt+1]

φoπt+1(1− α + ξ)
, 1
}
(5.19)

From equations (5.18) and (5.19), we can derive a few interesting results. A higher
productivity during old age increases the labor supply of people in old age and re-
duces their savings. A higher productivity during young age implies exactly the
opposite: lower labor supply and higher savings. A higher life expectancy is quite
different: it implies both higher savings and later retirement (higher labor supply
during old age). The fertility rate does not affect directly the individual saving rates,
only through general equilibrium effects, but it increases the demand for leisure. In-
tuitively, an increase in the fertility rate decreases the wage rate and this reduction
has two particular effects on households’ decisions: (i) less disposable income leads
to lower individual savings, and (ii) a fall in the price of leisure encourages people to
work less.

Using the individual savings function, (5.18), the aggregation result for the capi-
tal derived in the previous subsection, (5.15), and the budget constraint for the social
security system, (5.10), one can derive the dynamics for the capital-labor ratio as fol-
lows,

Proposition 5.1. The aggregate dynamics for the capital-labor ratio are described by the fol-
lowing first-order difference equation,

kt+1 =
αβπt+1(1− τt)φy(1− α)Akα

t
α(φynt+1 + φo(1− vo

t+1)πt+1)(1 + βπt+1) + (1− α)(τt+1φynt+1 + φo(1− vo
t+1)πt+1)

(5.20)

Proof. Substituting the conditions, (5.7)-(5.8), (5.10), and (5.15) into the individual sav-
ings function, (5.18), and solving for kt+1 yields the expression for the dynamics of the
capital-labor ratio, (5.20).

As expected, the evolution of the capital-labor ratio, (5.20), thus depends on de-
mographic features, tax policy, pension benefits (implicitly), and labor supply in old
age.

5.3.1 Steady-state analysis and comparative statics

In the steady state, the expressions for capital per worker and labor supply are,

Corollary 5.1. In the steady state, capital per worker and leisure during old age are given by,

k =

[
αβπ(1− τ)φy(1− α)A

α(φyn + φo(1− vo)π)(1 + βπ) + (1− α)(τφyn + φo(1− vo)π)

] 1
1−α

(5.21)

vo = min
{

ξ (αφyn + φoπ) + τ(1− α) [(1 + ξ)φyn + φoπ]

φoπ(1− α + ξ)
, 1
}

(5.22)

As shown in the previous subsection, there are then two possible equilibria in this
economy, the first with full retirement, vo = 1, and the second with positive labor
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supply, 1 > vo > 0. To derive the implications for the dynamics of capital, below we
solve these cases separately.

Tax policy and retirement decisions

To determine the implications of endogenous retirement for fiscal policy and the so-
cial security system, it follows that there exists a tax rate that make older people
choose full retirement.

Proposition 5.2. Households choose to leave the labor market in old age, vo = 1, if and only
if the tax rate is higher than the following threshold, τ,

τ ≡ φo(1− α)π − ξαφyn
(1− α) [(1 + ξ)φyn + φoπ]

(5.23)

Proof. Use (5.19) to solve for τ when vo = 1, then the threshold follows.

As expected, whether or not the threshold for the tax rate is positive depends on
the ratio of labor productivities, the old-age dependency ratio and the preference for
leisure.

Corollary 5.2. The threshold for the tax rate is positive, τ > 0, if and only if,

1

1 + ξ
φyn
φoπ

≡ α > α (5.24)

Proof. The expression follows from the threshold, (5.23), so that the inequality con-
dition (5.24) ensures that the tax rate is strictly positive. Notice that the threshold is
always below one.

It is worth mentioning that the threshold is an increasing function of life expectancy
and a decreasing function of the fertility rate. Since both a longevity boom and a fer-
tility bust have general equilibrium effects that increase the wage rate and decrease
capital income, older people are encouraged to work more even if they have to pay
higher taxes. Likewise, a higher productivity for the old puts upward pressure on
the threshold, while an increase in leisure preferences and productivity for the young
decrease it. That is,

∂τ

∂π
,

∂τ

∂φo > 0 (5.25)

∂τ

∂n
,

∂τ

∂φy ,
∂τ

∂ξ
< 0 (5.26)

Intuitively, people would like to leave the market when the face relatively high tax
rates on their labor income in old age. However, as shown in Miyazaki (2019), there
are additional conditions on parameters such that people would leave the market
once they become older despite of facing relatively low tax rates on labor income.
For instance, a strong preference for leisure would incentive people to reduce their
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labor supply when old because of the high disutility of working. At the same time, a
low productivity would also imply a small effective labor income when old, so that
independent of the level of the tax rate, and since supply labor is costly in older ages,
it turns out that from the individual perspective is optimal to fully retire. A similar
argument applies when the capital share is high and labor income coming from factor
compensation is low.

Remark 5.1. Assume φy = n = π = 1, leisure during old age is,

vo(τ) = min
{

ξ(φo + α) + (1− α)τ(1 + φo + ξ)

φo(1− α + ξ)
, 1
}

(5.27)

This expression resembles the one derived in Miyazaki (2019), so that households choose not
to work at all during old age, i.e., vo = 1, if the tax rate is too high, that is, if

τ ≥ φo(1− α)− ξα

(1− α)(1 + φo + ξ)
(5.28)

Nonetheless, notice that in our framework, we add demographic features, no
present in Miyazaki (2019), to the threshold. In particular, from expression, (5.23),
it is easy to see that even if the tax rate is relatively low, people would like to become
a retiree at the beginning of their second period of life when either fertility rates are
high or the survival probability is sufficiently low. This mechanism can then explain
why in the face of a progressive demographic transition towards an aging population,
that is, a fertility bust and a longevity boom, people would like to spend more time
in labor market when they get older.

Full retirement

Suppose that condition, (5.23), is satisfied so that full retirement is optimal from the
households’ perspective. The capital-labor ratio with full retirement, kFR, is then
given by,

Corollary 5.3. In the steady state, with full retirement, vo = 1, it follows,

kFR =

[
αβπ(1− τ)(1− α)A

(αn(1 + βπ) + (1− α)nτ)

] 1
1−α

(5.29)

In this case, it is easy to check that either a decreasing fertility rate or an increasing
survival rate, holding the tax rate constant, lead to a higher capital-labor ratio. To
understand the intuition behind these effects, notice that a lower fertility rate reduces
population growth which increases the steady-state capital-labor ratio, other things
equal. The same applies when people expect to live longer. They save more, and,
as a result, the capital-labor ratio is higher and the returns on capital decrease. In
mathematical terms, that means,

∂kFR

∂n
< 0 (5.30)
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∂kFR

∂π
> 0 (5.31)

It is worth mentioning that the capital-labor ratio does not increase with the produc-
tivity level of the youngsters:

∂kFR

∂φy = 0 (5.32)

A higher level of productivity when young enables households to increase their sav-
ings. In steady state, these additional savings have increased the stock of capital as
much as the rise in productivity increased effective labor supply. As expected, more-
over, without labor supply in the second period of life, productivity levels in old age
also do not matter for the dynamics of the capital-labor ratio.

Using the Euler equation and the lifetime budget constraint over the life cycle,
consumption levels for young and older people under full retirement are as follows,

cy,FR =
(1− τ)(1− α)φy AkFRα

+ τφyn (1−α)
α kFR

1 + βπ
(5.33)

co,FR =
β(1− τ)(1− α)φyαA2kFR2α−1

+ βτφyn(1− α)AkFRα

1 + βπ
(5.34)

Noting that population dynamics and productivity levels affect indirectly con-
sumption patterns through the capital-labor ratio and the tax rate, we can identify the
direct effects of demographic change in consumption levels as,

∂cyFR

∂π
,

∂co,FR

∂π
< 0 (5.35)

∂cy,FR

∂n
,

∂co,FR

∂n
> 0 (5.36)

From the previous partial derivatives, we can claim that life expectancy directly re-
duces consumption in both periods, other things equal, whereas fertility rates have
the opposite effect.

Partial retirement

When the optimal solution for leisure is interior, one can use it to obtain a closed-
form expression for the capital-labor ratio with partial retirement, kPR. Hence, using
the steady-state expressions for capital and leisure described in Corollary 5.1 we get
that,

Corollary 5.4. In the steady state, the capital-labor ratio with partial retirement, vo < 1, is,

kPR =

[
αβπφy(1− α + ξ)A

αφyn(1 + βπ + ξβπ) + φoπ(1 + αβπ)

] 1
1−α

(5.37)

It is worth mentioning that the capital-labor ratio with partial retirement does not
depend on the tax rate. On the one hand, recall that individual savings, (5.18) respond
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negatively to increases in the tax rate, leading to a lower aggregate capital stock. On
the other hand, we also know that leisure demand, (5.19), reacts positively to raising
tax rates and, as a result, the labor supply diminishes. These two effects are canceled
out and the capital-labor ratio is held constant.

Again, partial derivatives with respect to demographic parameters yield the ex-
pected effects, that is, higher capital-labor ratios and lower returns on capital as a
consequence of population aging,

∂kPR

∂n
< 0 (5.38)

∂kPR

∂π
> 0 (5.39)

Nonetheless, productivity levels now affect the capital-labor ratio in a different way,

∂kPR

∂φy > 0 (5.40)

∂kPR

∂φo < 0 (5.41)

These effects reflect distinct motives for saving. On the one hand, high produc-
tivity when young leads to a higher labor income, so that households can increase
both consumption and savings yielding an increase in the capital stock. On the other
hand, high productivity in old age implies that people do not need to save too much
for financing consumption when they become old, since if they decide to work, they
receive an effective higher labor income.

For the case of partial retirement, we can derive leisure demand and consumption
levels over the life cycle as follows,

vo =
ξ (αφyn + φoπ) + τ(1− α) [(1 + ξ)φyn + φoπ]

φoπ(1− α + ξ)
(5.42)

cy,PR =
(1− τ)(1− α)φy AkPRα

+ (1−α)
α πkPR (φo(1− vo) + τφy n

π

)
1 + βπ

(5.43)

co,PR =
β(1− τ)(1− α)φyαA2kPR2α−1

+ β(1− α)πAkPRα (
φo(1− vo) + τφy n

π

)
1 + βπ

(5.44)
Here, we can ask what the effects of demographic change on consumption and

leisure are under partial retirement. For instance, the partial derivatives for consump-
tion, holding constant both the capital-labor ratio and the tax rate, yield ambiguous
results with respect to life expectancy. Intuitively, an increase in life expectancy en-
courages savings and reduces consumption. At the same time, as a high probability
of survival endorses an increase in labor supply in old age, there are two mechanisms



124 Optimal Policies in an Aging Society

at play. One related to the increase in labor income coming from factor compensa-
tion and the other associated with a decrease in pension benefits since they retire
later. Hence, the total effect cannot be signed. Nonetheless, as shown before for the
case of full retirement, an increase in fertility rates imply higher consumption in both
periods, other things equal. Likewise, holding constant the tax rate, we see that an
increase in the fertility rate leads to a higher demand for leisure in older ages due to a
rise in pension benefits while holding wages constant. The impact of life expectancy,
however, is negative meaning that people would like to work more when they expect
to live longer.6 That is,

∂vo

∂n
> 0 (5.45)

∂vo

∂π
< 0 (5.46)

5.4 Optimal policies

5.4.1 The command optimum

Following the approach in Miyazaki (2019) and Michel and Pestieau (2013), assume
that a social planner maximizes the welfare of the generation born at the steady state
subject only to the aggregate resource constraint, which is given by,

cy +
π

n
co = [Akα − nk]

[
φy + φo(1− vo)

π

n

]
(5.47)

From the necessary conditions for an optimum (see Appendix 5.A.2), it yields the
usual Euler equation, the capital-labor ratio, and the intratemporal condition for leisure
decisions respectively,

co = βncy (5.48)

kFB =

[
Aα

n

] 1
1−α

(5.49)

ξco

φovo ≥ A(kFB)α − nkFB (5.50)

As expected, the first-best level for the capital-labor ratio does not depend on
whether households fully retire or not, and is given by the standard Golden rule as
in Diamond (1965), which hinges on total factor productivity, the fertility rate and the
capital share.

6This effect runs through the savings decision in the first period of life and potentially via the govern-
ment budget balance constraint for the retirement benefit. Thus, life expectancy has no effect on labor
supply given a capital income in the second period of life. But capital income depends on individual
savings in the first period and the probability to survive. Through these channels, life expectancy affects
labor supply.
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Full retirement

As in the previous section, there are two well-defined equilibria, with full and partial
retirement. Using the feasibility constraint and the set of conditions for an optimum,
the first case, vo = 1, implies that,

cy,FB,FR =
(1− α)φy A

1
1−α

1 + βπ

[α

n

] α
1−α

(5.51)

co,FB,FR =
(1− α)βnφy A

1
1−α

1 + βπ

[α

n

] α
1−α

(5.52)

What are then the effects of aging? A fertility bust increases the capital-labor ra-
tio. This reduces the interest rate and induces households to raise their young-age
consumption and reduce their old-age consumption. An increase in longevity has no
effect upon the capital-labor ratio due to the presence of perfect annuity markets. It,
however, reduces both young-age consumption and old-age consumption. That is,

∂cy,FB,FR

∂n
< 0,

∂co,FB,FR

∂n
> 0 (5.53)

∂cyFB,FR

∂π
,

∂co,FB,FR

∂π
< 0 (5.54)

Partial retirement

Using the same procedure as before but assuming that leisure is below one, vo < 1,
the consumption levels are described as,

cy,FB,PR =
(1− α)A

1
1−α α

α
1−α (φyn + φoπ)

n
1

1−α (1 + βπ + βξπ)
(5.55)

co,FB,PR =
(1− α)βA

1
1−α α

α
1−α (φyn + φoπ)

n
α

1−α (1 + βπ + βξπ)
(5.56)

Finally, solving for the optimal level of leisure using the intratemporal condition, one
gets

vo,FB,PR =
βξ(φyn + φoπ)

φo[1 + βπ + βξπ]
< 1 (5.57)

as long as φo > φ
o ≡ φy βξn

1+βπ . That is, a relative high productivity level in old age
makes people to work more and reduce their leisure consumption. Likewise, it is
easy to check that leisure depends on both the fertility rate and the survival rate.
Particularly,

∂vo,FB,PR

∂n
> 0 (5.58)
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so a fertility bust increases labor supply. The effect of fertility upon the capital-labor
ratio is the same as in the full retirement case, because as mentioned before, the
capital-labor ratio does not relate to retirement decisions. Moreover, the direction
of the effects of a fertility bust upon both young- and old-age consumption levels
correspond to the ones found in the case of full retirement. That is,

∂cy,FB,PR

∂n
< 0,

∂co,FB,PR

∂n
> 0 (5.59)

As discussed above, for life expectancy, two effects work against each other under
partial retirement, so that the net effect on consumption is indeterminate because of
leisure demand adjustments. With respect to labor supply, for instance, if old-age
labor productivity is sufficiently low, i.e., φo < φ̂o ≡ φyβn(1 + ξ), then

∂vo,FB,PR

∂π
< 0 (5.60)

We would get the same effect if the fertility rate, the productivity level for the young
and the subjective discount factor are high, or there is a strong preference for leisure.
This would imply then that households choose to retire later upon an increase in
longevity. The increase in old-age labor supply is, under the same condition, insuf-
ficiently large to prevent young-age and old-age consumption from declining, how-
ever. Intuitively, that means that the rise in labor income in old age is not high enough
to off-set the reduction on income coming from social security.

5.4.2 Decentralized equilibrium when the government decides about re-
tirement

The previous subsection derived the full and partial retirement cases that correspond
to the command optimum. Here, we characterize the tax rate that decentralize the
capital-labor ratio when the government can choose both the tax rate and the retire-
ment age. We identify this allocation by using the superscript, “DE2”.

Full retirement

Assume that the government wants to decentralize the optimal allocation in the sce-
nario in which full retirement is optimal and the government controls both the re-
tirement age and the tax rate on labor income. In order to implement that allocation,
the social planner can then solve for the tax rate that implements the Golden rule for
capital accumulation when households leave the labor market once they reach their
second period of life. It is worth mentioning that, by doing so, the social planner
ensures that the consumption levels also coincide in the command optimum and the
decentralized economy when full retirement is optimal. Moreover, recall that utility
depends on cy and co, so utility levels coincide if only if the consumption levels are
equivalent.
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Proposition 5.3. The optimal tax rate on labor income that decentralizes the first-best allo-
cation under full-retirement is,

τDE2,FR =
βπ(1− α)− α(1 + βπ)

(1− α)(1 + βπ)
(5.61)

where τDE2,FR > 0 if and only if,

α < α̂ ≡ βπ

1 + 2βπ
(5.62)

Proof. By using the expression for capital-labor ratio at the first-best, (5.49), and the
capital-labor ratio in a competitive equilibrium, (5.21), we can calculate the optimal
tax rate. The proof for the second part of the proposition is straightforward and it is
omitted here. Notwithstanding, notice that the condition for the tax rate to be positive
is closely related to the concern about over-accumulation of capital as a consequence
of increases in life expectancy. We show above that a higher probability of survival
leads to an increase in individual savings and a higher capital-labor ratio. If this
effect is relatively strong so that the economy becomes dynamically inefficient, the
social planner finds it optimal to increase the tax rate to reduce capital accumulation.
It is also worth mentioning that given the constraint for the tax rate to be positive, we
cannot always insure that the first-best allocation can be decentralized. In particular
cases, therefore, we should allow the optimal tax rate to be negative.

Note that this tax rate is independent of labor productivity levels and the fertility
rates. However, life expectancy has an unambiguously positive effect on the tax rate,

∂τDE2,FR

∂π
> 0 (5.63)

The positive impact of an increase in the probability of survival on the tax rate on
labor income relates to the social planner’s desire of implementing the Golden rule
for the capital-labor ratio. Recall that households respond to a rise in longevity by in-
creasing their savings and the aggregate capital in the economy. So, in order to avoid
over-accumulation, the government would use the tax rate to reduce the incentives
for savings and move the capital-labor ratio to its Golden rule level.

Partial retirement

When the government would like to implement a competitive equilibrium with par-
tial retirement at the level of leisure the social planner wants to see in the economy,
vo,FB,PR, following the same procedure as before, the optimal tax on labor income can
be chosen such that the Golden rule for the capital-labor ratio and the one that comes
from the decentralized equilibrium coincide. Thus,
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Proposition 5.4. The optimal tax rate on labor income that maximizes social welfare under
partial retirement when the government decides about retirement is,

τDE2,PR =
φyn [βπ − α(1 + 2βπ)] [1 + βπ + ξβπ]− π(1 + αβπ) [φo(1 + βπ)− βξφyn]

φyn(1− α)(1 + βπ) [1 + βπ + ξβπ]
(5.64)

Proof. First, substitute the leisure demand, (5.57), that comes from the command op-
timum into the capital-labor ratio in a competitive equilibrium, (5.21). Second, cal-
culate the tax rate that equalize the latter expression to the capital-labor ratio in the
command optimum, (5.49). Then, the optimal tax rate, (5.64), follows.

The question is then, what is the effect of demographic change on the optimal tax
rate? We can see from the expression for the optimal tax rate, (5.64), a fertility boom
would then lead to a higher tax rates because, as shown above, fertility has a positive
effect on the demand for leisure, so people would like to retire earlier, putting more
pressure on the social security system.

∂τDE2,PR

∂n
> 0 (5.65)

The case for life expectancy is more interesting because two different channels
play a role making the impact on the tax rate ambiguous. On one hand, a higher
survival probability implies that more resources need to be raised in order to finance
such increasing spending. On the other hand, when people expect to live longer,
they may also want to increase their labor supply when they reach old-age, if their
productivity is high enough, contributing to the system and reducing thus the fiscal
pressure.7

Intuitively, life expectancy affects two different margins. We know that life ex-
pectancy leads to a higher capital-labor ratio so that the government would like to
increase the tax rate to avoid over-accumulation. At the same time, we also know
that a higher survival probability implies that people would like to work more in
older ages and earn a higher income. This latter effect, to a certain extent, may off-set
the desire for capital accumulation. We cannot, however, determine which effect is
greater.

5.4.3 Decentralized equilibrium when households decide about their re-
tirement

In the previous section, we studied the case where the government can implement
the command optimum under full and partial retirement by using two instruments:
the tax rate on labor income and the retirement age. Here, we discuss the implica-
tions for tax policy when the only instrument available is the tax rate on labor income

7Recall that under full retirement the second channel is shut down, and then higher life expectancy
leads unambiguously to a higher tax rate.
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and the government must respect the level of leisure that comes from individual de-
cisions. We identify this decentralized equilibrium by using the superscript, “DE1”.
As before, given a labor income tax rate there are two possible equilibria, i.e., partial
and full retirement. Notice that now this problem becomes more involved because the
government has only one instrument and takes the labor supply from the competitive
equilibrium as given.

Full retirement

To begin with, assume that for a particular τ ∈ [0, 1), households do not supply labor
and fully retire from the labor market, so that vo = 1. Under these conditions, the
sequence of budget constraints can be written at the steady state as follows,

cy = (1− τ)(1− α)φy A(kFR)α − φynkFR (5.66)

co =
φyn
π

A(kFR)α[α + τ(1− α)] (5.67)

The social planner problem can now be stated as,

max
τ

ln
[
(1− τ)(1− α)φy A(kFR)α − φynkFR

]
+ βπ ln

[
φyn
π

A(kFR)α[α + τ(1− α)]

]
(5.68)

subject to the dynamics of the capital-labor ratio under full retirement,

kFR =

[
αβπ(1− τ)(1− α)A

αn(1 + βπ) + (1− α)τn

] 1
1−α

(5.69)

The first-order condition yields,

1
cy

[
∂cy

∂τ
+

1
R

∂co

∂τ

]
= 0 (5.70)

Solving for the partial derivatives, then the labor income tax rate that maximizes wel-
fare is the one that satisfies the following expression,

1
cy (1− α)φy

(αA(kFR)α−1 − n
)

︸ ︷︷ ︸
+/−

(
∂kFR

∂τ
(1− τ)− kFR

α

)
︸ ︷︷ ︸

−

 = 0 (5.71)

Remark 5.2. Social welfare is an increasing function of the tax rate on labor income if and
only if, the economy is dynamically inefficient, that is,

rFR < n (5.72)

Since ∂kFR/∂τ < 0, and both the tax rate and the capital share are positive, the sign
of equation (5.71) depends upon whether the economy is in a dynamically inefficient
path. This result is not surprising. It is well known that the introduction of a social
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security system in dynamically inefficient economies yields welfare benefits. As in
Miyazaki (2019), we derive the following result:

Proposition 5.5. The optimal tax rate on labor income that maximizes social welfare under
full retirement is,

τDE1,FR =
βπ(1− α)− α(1 + βπ)

(1− α)(1 + βπ)
(5.73)

where τDE1,FR > 0 if and only if,

α < α̂ ≡ βπ

1 + 2βπ
(5.74)

Proof. From equation (5.71), it is easy to see that the first-order condition is satisfied
if and only if rFR = n, so that kFR(τDE1,FR) =

[
αA
n

]1/(1−α)
, as the Golden rule implies.

Hence, by using the previous expression and the dynamics of the capital-labor ra-
tio under full retirement, (5.69), we can solve for the optimal labor income tax that
decentralizes the allocation.

Under full retirement, the tax rate in the decentralized economy with two policy
instruments and the tax rate in a market economy with only one instrument coin-
cide, that is, τDE2,FR = τDE1,FR. This implies that since optimal tax rates in both the
decentralized economy with two policy instruments and the market economy with
only one instrument are the same, capital accumulation achieves the Golden rule. It
also implies the same level of consumption for both the young and the elderly when
people leave the market once they reach old age. To check that this optimal tax rate
indeed induces full retirement, we need to verify that τDE2,FR = τDE1,FR are greater
that the maximum tax rate, τ, at which households would fully retire from the labor
market in the competitive equilibrium, that is,

βπ(1− α)− α(1 + βπ)

(1− α)(1 + βπ)
>

φoπ(1− α)− ξαφyn
(1− α)[(1 + ξ)φyn + φoπ]

(5.75)

which it is true, if and only if, α < α̂ and φo < φ̂o. Recall that these conditions en-
sure that the tax rate is positive and that labor supply for the old is an increasing
function of life expectancy, respectively. This conclusion resembles the argument laid
out in Miyazaki (2019). When labor productivity at old age is low, and the capital
share is not too high such that previous conditions holds, the households decide to
fully retire. Hence, the optimal policy in a decentralized economy where the gov-
ernment can decide about retirement, coincides with the tax rate would appear in a
setting in which the households decide about retirement. Novel in our analysis is that
now these thresholds also depend upon demographic features, that is, people would
decide to retire earlier when either the fertility rate is high or life expectancy is low.
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Partial retirement

Consider now the case in which τ < τ, so that households do not fully retire once
they get older. Hence, the sequence of budget constraints in steady state are,

cy = (1− τ)(1− α)φy AkPRα − (φyn + φo(1− vo)π)kPR (5.76)

co = αAφy n
π

kPRα
+ φo(1− vo)AkPRα

+ τ(1− α)AkPRφy n
π

(5.77)

The social planner problem is then given by,

max
τ

ln
[
(1− τ)(1− α)φy AkPRα − (φyn + φo(1− vo)π)kPR

]
(5.78)

+βπ ln
[
αAφy n

π kPRα
+ φo(1− vo)AkPRα

+ τ(1− α)AkPRφy n
π

]
+βπξ ln vo

subject to both the capital-labor ratio and leisure demand under partial retirement,
that is,

kPR =

[
αβπφy(1− α + ξ)A

αφyn(1 + βπ + ξβπ) + φoπ(1 + αβπ)

] 1
1−α

(5.79)

vo =
ξ (αφyn + φoπ) + τ(1− α) [(1 + ξ)φyn + φoπ]

φoπ(1− α + ξ)
(5.80)

The first-order condition then implies,

1
cy

{
−(1− α)φy AkPRα−1

+ (1− τ)(1− α)φyαAkPRα ∂kPR

∂τ

}
(5.81)

+ 1
cy

{
φoπkPR ∂vo

∂τ − (φyn + φo(1− vo)π) ∂kPR

∂τ

}
+ βπ

co

{
α2Aφy n

π kPRα−1 ∂kPR

∂τ + φo(1− vo)αAkPRα−1 ∂kPR

∂τ − φo AkPRα ∂vo

∂τ

}
+ βπ

co

{
(1− α)AkPRα

φy n
π + τ(1− α)Aφy n

π αkPRα−1 ∂kPR

∂τ

}
+ βπξ

vo
∂vo

∂τ = 0

Recall that the capital-labor ratio under partial retirement is independent of the tax
rate because the effects of tax policy on individual savings and labor supply cancel
out. In addition to the Euler equation, (5.16), the previous optimality condition thus
simplifies to,

1
cy (1− α)φy AkPRα

{
n

αAkPRα−1 − 1
}
+

∂vo

∂τ

{
1
cy φoπkPR (α− 1)

α
+

βπξ

vo

}
= 0 (5.82)

Notice that, in contrast to the case with full retirement, the optimality condition for
the tax rate becomes more involved. As before, by looking at the first term, we can
see that a social security system increases welfare if the economy is dynamically in-
efficient, rPR < n. Now, however, the social planner also has to take into account the
labor supply response to changes in the tax rate, the second term.

By using the intratemporal condition for leisure and consumption in old age,
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(5.17), the Euler equation, (5.16), and the budget constraint for the social security
system, (5.10), we can rewrite the previous expression as follows,

1
cy (1− α)kPRα

{
φyn

αkPRα−1 − Aφy − ∂vo

∂τ

1
α

τkPR1−α (φyn + φoπ)

vo

}
= 0 (5.83)

Then, replacing the other two additional constraints from the social planner problem,
that is, the capital-labor ratio, (5.79), under partial retirement and the optimal level
of leisure chosen by the households, (5.80), we can solve for the optimal tax rate as
before such that the previous expression holds,

Proposition 5.6. The optimal tax rate on labor income that maximizes social welfare under
partial retirement when households decide about retirement is,

τDE1,PR =
ξ {βπφyn(1 + ξ)− φoπ − α [φyn(1 + ξβπ) + βπ(2φyn + φoπ)]}

(1− α)[(1 + ξ)φyn + φoπ](1 + βπ + ξβπ)
(5.84)

Proof. Using the expression for the optimality condition, (5.83), the capital-labor ratio,
(5.79), leisure in the partial retirement scenario, (5.80), and the partial derivative of the
level for leisure with respect to the tax rate, we can solve then for the tax rate in closed
form.

Considering the conditions under which τDE1,PR < τ so that people do not fully
retire as they get older, and from the expression for the optimal tax rate under par-
tial retirement, (5.64), it is easy to check that when the government cannot choose
the retirement age, the planner cannot replicate the command optimum because tax
rates do not coincide. This result support the ideas in Michel and Pestieau (2013) and
Miyazaki (2019) as, at least under partial retirement, the government cannot decen-
tralize the command optimum when it cannot control directly the retirement age. De-
spite of being able to derive a closed-form solution for the optimal tax rate under par-
tial retirement when households decide about retirement, the effects of demographic
change are ambiguous unless we give a more detailed description of the parameter
values. That is the route we follow in the next section.

5.5 A numerical example

From previous sections, we know that there is a threshold for the tax rate on labor
income that separates an equilibrium with full retirement in old age from an equi-
librium in which older people still supply labor. Yet, the value of such a threshold
hinges on a set of different parameters, so without a certain characterization of such
parameters, we are not able to say which equilibrium would prevail. The purpose
of this section is thus to provide a numerical example that allows us, conditional on
parameter values, to determine the optimal tax rates and their respective allocations.

Notice that we do not want to put forward a full calibration, but only to illustrate
the effects on optimal policies of changes in key parameter values. To begin with, we
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set the subjective discount factor at β = 1. Given that we have too many parameters,
this choice follows from a conservative approach. As in Miyazaki (2019) and Kitao
(2014), we set the weight of leisure in the utility function at ξ = 0.5123.8

The capital share is set at α = 0.3. We assume that people enter the model at
age 15 and that every period in our model is equivalent to 30 years. Hence, without
mortality risk, people would live for certain until the age of 75. Bearing in mind this,
and that the life expectancy at birth in 2020 is 72.69 years according to the United
Nations Population Division, we set life expectancy at π = (72.69− 45)/30 = 0.9230
to target that value. For the fertility rate, we proceed as follows: we know that in 2020
the total fertility rate (birth per woman) is 2.426 as reported by the United Nations
Population Division, so that we set the fertility rate per household in our model at
n = 2.426/2 = 1.213. Finally, for simplicity, the productivity for the young is set at
φy = 1.

With these values, it turns out that φ
o
= 0.323 and φ̂o = 1.8344. Recall that if

φo > φ
o, then the social planner would like to implement an equilibrium with partial

retirement, and with full retirement otherwise. Likewise, if φo < φ̂o, life expectancy
would decrease leisure demand. Above we show that the command optimum under
full retirement can always be replicated in a market economy both when the gov-
ernment set the retirement age and when households decide on when they become
retirees. Here, we thus focus only on the cases in which partial retirement is opti-
mal and tax policies may differ depending on the set of instruments available to the
government. We set the productivity of the elderly at φo = 0.35.9

Table 5.1 displays the values for our variables of interest under a series of scenar-
ios. Columns (1) and (4) present the benchmark economy associated with the param-
eter values discussed above when the planner decides about retirement and when
households decide upon it, respectively. We see that the tax rate is higher in the case
in which the planner sets the retirement age than in the case in which it must respect
the households’ choice on labor supply. Intuitively, when the planner cannot imple-
ment a particular retirement age, it must establish a tax below the threshold, τ, so
that a partial retirement equilibrium with only one instrument can be implemented.
It is not a surprise then that consumption for the young is higher in the second case
than in the first case given the tax rates they are facing. In contrast, consumption for
the old is higher in the first case than in the second one. Likewise, as shown above,
when the government can decide about retirement, it can implement the Golden rule
for capital. However, in the case in which people decide when to become retirees,
there is over-accumulation of capital. The tax rate is insufficiently high to discourage
individual savings because it is set such that the labor supply is at the first-best level
and below the threshold, τ.

8Typically, this parameter is calibrated such that average work hours represent one third of dispos-
able time.

9Notice that a higher productivity level for the old mitigate, to a certain extent, the response of op-
timal policies to demographic shocks, so that lower tax rates are required. These results are available
upon request.
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TABLE 5.1: Optimal policies under partial retirement

DE2 DE1
(1) (2) (3) (4) (5) (6)

π = 0.9230 π = 1.0000 π = 0.9230 π = 0.9230 π = 1.0000 π = 0.9230
n = 1.2130 n = 1.2130 n = 1.1095 n = 1.2130 n = 1.2130 n = 1.1095

cy 0.2033 0.1973 0.2154 0.2085 0.2040 0.2180

co 0.2466 0.2393 0.2390 0.2393 0.2304 0.2357
vo 0.9384 0.9106 0.8752 0.9384 0.9106 0.8752

k 0.1359 0.1359 0.1544 0.1471 0.1505 0.1601

CEV -0.2588 -0.4526 -0.0554
τ 0.0359 0.0475 0.0169 0.0103 0.0135 0.0048
τ 0.0263 0.0383 0.0397 0.0263 0.0383 0.0397

p 0.0196 0.0250 0.0096 0.0058 0.0073 0.0028
φ

o 0.3232 0.3107 0.2956 0.3232 0.3107 0.2956

φ̂o 1.8344 1.8344 1.6779 1.8344 1.8344 1.6779

Note: Recall that “DE2” denotes the decentralized equilibrium when the government
decides about retirement (it also represents the command optimum) and “DE1” de-
scribes the decentralized equilibrium when the households decide about retirement.
CEV reports the welfare gains (in %) relative to the first best allocation in consumption-
equivalent units.

Columns (2) and (5) look at the effects of a positive shock to life expectancy. Ac-
cording to the data from the United Nations Population Division, the projection for
life expectancy at birth in 2050 is 77.83 years. Since in our model people could die at
maximum age 75, we assume then that the new value for the probability of survival is
at π = 1 for such a shock. As expected, optimal policies tend to increase both the tax
rate and the threshold in response to a longevity boom. We also see that an increase
in life expectancy creates incentives to people to work more. Likewise, in terms of
pension benefits, we see an increase in them for both market economies.

Columns (3) and (6) describe the effects of a negative shock to the fertility rate.
Using data from the United Nations Population Division, the fertility rate (births per
woman) in 2050 is projected to be 2.219, so that we characterize a fertility bust by
setting a new value for the fertility rate at n = 1.1095. We see a strong effect on
labor supply in response to a decrease in the fertility rate. A fertility bust increases
the capital-labor ratio but it also reduces capital income. Hence, the planner finds it
optimal to reduce leisure demand and encourage people to stay longer in the labor
market to partial off-set the fall in income. The increase in labor supply of the elderly
and the associated fiscal revenues reduce the pressure on the social security system,
so that a lower tax rate on labor income can be implemented. However, as a result,
we see that pension benefits are reduced.

As expected, we observe that endogenous retirement leads to welfare losses rela-
tive to the first best. Intuitively, when the government only has access to one policy
instrument, i.e., the tax rate, and partial retirement is optimal, the capital-labor ratio
is above the Golden rule level. Notice that even if the leisure demand is at the first
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best, the optimal tax rate is not high enough to discourage capital accumulation. To
further understand this intuition, recall that the capital-labor ratio under partial re-
tirement does not hinge on the tax rate because the impacts of tax policy on individual
savings and labor supply are canceled out. So, given the instruments available, the
planner can only use the tax rate to target the optimal labor supply.

5.6 Discussion

Using an overlapping generations model, we derive optimal policies for financing a
social security system based on pay-as-you-go contribution in the presence of pop-
ulation aging. Along the lines of Miyazaki (2019), we confirm that the tax rate on
labor income faces an upper-bound so that values beyond such a threshold induces
earlier retirement putting serious fiscal pressure on the pension system. In this pa-
per, we show that this threshold also depends on the old-age dependency ratio and
the relative productivity levels. We find that such a threshold increases with life ex-
pectancy and decreases with the fertility rate, supporting the idea that both types of
aging trends encourage older households to work more in the second period of their
life.

Besides, we also provide a discussion for the cases under which households de-
cide to fully retire even if the tax rate on labor income is relatively low and less distort-
ing. For instance, in the presence of strong preferences for leisure, small labor shares,
low productivity in old age, high fertility rates, and low probability of survival make
people retire earlier from the labor market. These general equilibrium effects help us
to understand why a demographic transition towards an aging population generate
incentives for people to stay in labor market for a longer period of time.

Likewise, we find that regardless the type of equilibrium i.e., full or partial re-
tirement, the capital-labor ratio increases with life expectancy and decreases with the
fertility rate as shown in previous studies. In addition to that, we also consider the
effects of demographic change on the labor supply of the elderly when there is partial
retirement. We show that, holding the tax rate on labor income constant, a fertility
bust and a longevity boom both increase labor supply.

Finally, we discuss optimal policies and determine the labor income tax rates that
decentralize the command optimum as a competitive equilibrium. We do so by look-
ing at two different cases. The first, when the government has complete control on
both the tax rate and the retirement age, and the second, when the government can-
not set the retirement age, but only has control over the tax rate. Here, we show that
only under full retirement, optimal tax rates coincide. Under partial retirement, how-
ever, the government has not enough policy instruments and the command optimum
cannot be replicated.

In a numerical example, we discuss the effects of aging upon the tax rate, labor
supply and consumption under different scenarios. On the one hand, we observe
that increases in life expectancy requires a higher tax rate, even if people start to retire
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later and the tax base expands. On the other hand, we see that a fertility bust de-
creases the tax rate because this decline in the fertility rate has a strong positive effect
on labor supply and the tax base expands sufficiently so that lower tax rates can be
implemented. Intuitively, if the productivity of the old is sufficiently high, then it is
easier for old workers to delay retirement and, in that particular case, aging would
not require substantial increases in the tax rate.

5.A Appendix

5.A.1 Households’ problem

The Lagrangian function associated to the household maximization problem is,

L(·) ≡ ut + Θ1,tBCt + Θ2,t(1− vo
t+1) (5.A.1)

where BC is the life-time budget constraint as defined in (5.5), and for i = {1, 2} let Θi,t

denote the Langrange multipliers for the two constraints. By solving this problem, it
yields the expressions (5.16)-(5.17). Notice that we also have a slackness condition for
labor supply

Θ2,t(1− vo
t+1) = 0 (5.A.2)

so that this constraint is satisfied either when vo
t+1 < 1 and Θ2,t = 0, or when there is

full retirement, vo
t+1 = 1. Whether the households decide to fully retire or work for a

fraction of time in the second period depends on parameters and the tax rate on labor
income.

5.A.2 First-best allocations

The social planner’s problem can be defined as follows,

L(·) ≡ u + Θ1

(
(Akα − nk)

[
φy + φo(1− vo)

π

n

]
− cy − π

n
co
)
+ Θ2(1− vo) (5.A.3)

The first-order conditions are,

cy :
1
cy = Θ1 (5.A.4)

co :
β

co = Θ1
1
n

(5.A.5)

vo :
βπξ

vo = Θ1(Akα − nk)φo π

n
+ Θ2 (5.A.6)

k : αAkα−1 = n (5.A.7)
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