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Abstract

We consider two models of economic growth with exhaustible natural resources
and agents heterogeneous in their time preferences. In the first model, we assume
private ownership of natural resources and show that every competitive equilibrium
converges to a balanced-growth equilibrium with the long-run rate of growth being
determined by the discount factor of the most patient agents. In the second model,
natural resources are public property and the resource extraction rate is determined
by majority voting. For this model we define an intertemporal voting equilibrium
and prove that it also converges to a balanced-growth equilibrium. In this scenario
the long-run rate of growth is determined by the median discount factor. Our results
suggest that if the most patient agents do not constitute a majority of the population,
private ownership of natural resources results in a higher rate of growth than public
ownership. At the same time, private ownership leads to higher inequality than
public ownership, and if inequality impedes growth, then the public property regime
is likely to result in a higher long-run rate of growth. However, an appropriate
redistributive policy can eliminate the negative impact of inequality on growth.

JEL Classification: D91, E13, 040, Q32.
Keywords: economic growth, exhaustible resources, heterogeneous agents, voting

1 Introduction

The question of property rights! is one of the most controversial and complicated issues
concerning the regulation of natural resources. Who should own natural resources, and in
what form? Which individual, group or institution will best manage the resource stock in
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the short and long run? How do different forms and extents of property rights on natural
resources affect both present and future generations? These are important and inherently
complex problems.

The vast amount of literature on property regimes over natural resources (see, e.g.,
Ostrom, 1990; Barnes, 2009; Cole and Ostrom, 2011) usually places great emphasis on the
market failure that occurs when property rights are not properly specified. The relative
advantages of private and common property rights in terms of efficiency, equity, and
sustainability of natural resource use patterns have been widely discussed and studied.

However, even if property rights are clearly defined and assigned, the optimal choice
from a wide array of diverse property regimes is not so obvious. Especially significant in
this connection is the choice between private and public property. There has been much
debate on the economic and political merits of private versus public ownership in general
(see, e.g., a survey by Shleifer, 1998). It is believed that private firms are more efficient,
mainly because of strong incentives to invest in improving the ways of using the assets.
At the same time, state firms are usually considered inefficient for a number of reasons,
e.g., weak incentives to reduce costs (agency problem), and government subsidies to the
state-owned sector (soft budget constraints).? Moreover, it is widely recognized that
public enterprises pursue political rather than economic goals (see Shleifer and Vishny,
1994). However, in this paper we do not take into account any political considerations
and other possible sources of efficiency losses. We assume a government that acts in the
interest of the people. Since we assume that extraction costs are zero, it is irrelevant for
us, which kinds of enterprises (private or state-owned) extract and sell resources held in
public ownership. There is no such an enterprise in our model. Our goal is to compare
private and public property regimes over natural resources in terms of economic growth,
and not in terms of profitability or efficiency.

Interestingly enough, economists have only recently begun to pay attention to the
comparison of private and public ownership in the particular case of natural resources
like crude oil or gold. This is even more surprising considering the ambiguity of this issue
and its consequences for societies in resource-rich countries. There are many countries in
the world that maintain full state ownership of their natural resources. In such countries
private firms, especially foreign firms, have little or no operational and managerial control.
Examples include Uzbekistan, Turkmenistan, Nigeria, and modern Venezuela. At the
same time, there are countries like Kazakhstan or the Russian Federation, where leaders
chose to privatize their energy sector (see Jones Luong and Weinthal, 2001). One should
also mention the USA and Japan, where private firms own and control much of the
countries’ subsurface minerals.

There are certain rationales for such cleavage. On the one hand, exhaustible resource
stocks (oil and gas fields, coal and ore mines) are universally regarded by the public at
large as public property. It is felt that natural resources should belong to local peoples,
who claim sovereign rights on their territorial habitat. It is often argued that “resources
found in the territory of a state belong to the population of that state (...) The right
to natural resources is a right of peoples or communities to determine how their natural
resources should be protected, managed and explored” (Blanco and Razzaque, 2011). As
Joseph Stiglitz put it, “a country’s natural resources should belong to all of its people”
(quoted after Kramer, 2014). Moreover, for many countries around the world, especially

2Bajona and Chu (2010) show that reduction in government subsidies leads to an increase in economic
efficiency, and Gupta (2005) reports that even partial privatization increase productivity and profitability
of state-owned enterprises.



developing countries, natural resources represent a significant share of income and are
too important to be left to the market. It is believed that direct state control over
resources is an indispensable feature of national sovereignty and political decision-making
(see Mommer, 2002).

On the other hand, most economists are convinced that private ownership of natural
resources leads to higher efficiency than public ownership. Empirical evidence shows that
private natural resource companies are more efficient and profitable than nationalized
firms, though the effects of privatization on employment and income distribution are not
as desirable (see, e.g., Chong and de Silanes, 2005; Schmitz and Teixeira, 2008).

One may conjecture that this divergence between the positions of the public at large
and economists partly explains the fact that privatization—nationalization cycles tend to
occur more often in the natural resource sector (see, e.g., Kobrin, 1984; Chua, 1995;
Hogan et al., 2010). This tendency provides an additional incentive to study the impact
of property regime over natural resources on macroeconomic performance.

The existing empirical literature on ownership of the primary sectors (e.g., Meggin-
son, 2005; Wolf, 2009) concentrates mostly on the productive efficiency and profitability
of firms. The effects of different property regimes on aggregate income are studied by
Brunnschweiler and Valente (2013), though they use a slightly different classification of
ownership instead of the usual dichotomy between the categories of “private” and “public”.

In this paper, we study private and public property regimes over exhaustible natural
resources from the standpoint of economic growth theory. We do not compare private
and public ownership in terms of efficiency or optimality. Thus we can abstract from
any political considerations and focus only on the following question: which of the two
property regimes does lead to a higher long-run rate of economics growth?

Developing the ideas of Borissov and Surkov (2010), we consider two models of eco-
nomic growth with heterogeneous agents and exhaustible resources. These models are
modifications to a well-known Ramsey-type model of economic growth with exhaustible
resources (see, e.g., Dasgupta and Heal, 1979). Technical progress is exogenous. Under
this assumption the long-run rate of growth is fully determined by the extraction rate.

The two models differ in the property regimes over natural resources. The first model
assumes private ownership of natural resources. The resource stock is an asset. Agents
can invest their savings in natural resources as well as in physical capital. This implies
that the resource income belongs to the owners of natural resources. The extraction rate
is determined by market forces. In the second model we assume that the resource stock is
held in trust by the government for the common benefit. The resource income is equally
distributed among all agents, and it is up to the agents to determine the extraction rate.

Following Becker (1980, 2006), we assume that agents are heterogeneous in their time
preferences. The rates of time preference, or the degrees of impatience, are represented
by agents’ discount factors. The discount factors are higher for more patient agents and
lower for less patient ones.

In the private property regime, only the most patient agents obtain income from the
capital and resource stocks in the long run. We show that the discount factor of the most
patient agents determines both the long-run extraction rate and the rate of growth. The
extraction rate is decreasing and the growth rate is increasing in the discount factor of
the most patient agents.

In the public property regime, the heterogeneity of agents results in different prefer-
ences over the resource extraction rate. Relatively impatient agents care less about the
future and prefer to extract resources faster than relatively patient agents. Thus there



naturally arises a problem of aggregating heterogeneous preferences. We use a conven-
tional collective choice mechanism and suppose that the resource extraction rate is chosen
by majority voting.

The performance of majoritarian institutions in dynamic settings has attracted grow-
ing interest and attention in recent years (see, e.g., Krusell et al., 1997; Rangel, 2003;
Bernheim and Slavov, 2009). This body of literature studies appropriate dynamic gener-
alizations of the standard solution concepts. One of these generalizations is presented by
Borissov and Surkov (2010), who consider voting on extraction rates. The same voting
mechanism is considered also in Borissov et al. (2014a), where heterogeneous agents vote
for a tax aimed at environmental maintenance. In both cases the outcome of voting is
the optimal policy for the agent with the median discount factor. However, this voting
mechanism is oversimplified; it does not imply perfect rationality of agents, and allows
one to analyze voting outcomes only in a balanced-growth equilibrium.

In this paper, we apply the approach to voting in a dynamic general equilibrium
framework proposed by Borissov et al. (2014b).> We use the intertemporal setting of
the model, and ask agents to vote on the extraction rate at each point in time under
given expectations about future extraction rates. The sequence of winners in these one-
dimensional votes under perfect foresight determines an intertemporal voting equilibrium.
We show that in the long run an intertemporal voting equilibrium converges to a balanced-
growth voting equilibrium. The long-run extraction rate and the rate of growth are
determined by the median discount factor. The extraction rate is decreasing and the
growth rate is increasing in the median discount factor.

Our results suggest that the long-run growth rate in the case of private ownership is
equal to that of public ownership if the most patient agents constitute the majority of
the population, and is higher otherwise. It seems reasonable to conclude that the private
property regime is more favorable for promoting long-run economic growth than the public
property regime, but this conclusion is somewhat hasty. The private property regime over
natural resources, all other things being equal, results in higher income inequality. This
can have detrimental effects on economic growth.

High inequality increases sociopolitical instability, the probability of revolutions and
mass violence, and the risk of expropriation, thus creating uncertainty in the politico-
economic environment. These factors reduce investment incentives and affect the security
of property rights. Increased social tension can lead either to a higher extraction rate,* or
to unproductive costs and losses in output. In both cases the growth rate of the economy
is adversely affected.

We consider two different channels through which sociopolitical instability caused by
inequality affects economic growth. The first channel assumes that the discount factors of
agents are formed endogenously, and the rise in income inequality increases the impatience
of agents (see Borissov and Lambrecht, 2009).5 The second channel assumes that a certain

3See also Borissov et al. (2015), where the fundamentals of the proposed intertemporal majority voting
approach are discussed in a general case, though in a somewhat different framework.

4Since Long (1975), the common wisdom has been that ownership risk induces a firm to overuse the stock
of a resource, though the empirical evidence is ambiguous. For instance, Jacoby et al. (2002) support this
point of view by reporting that a higher risk of expropriation reduces private investments and raises the
current extraction. At the same time, Bohn and Deacon (2000) show that insecure ownership reduces
present extraction for resources with capital-intensive extraction technology.

5The reasoning behind this assumption is as follows. All risks emerging from high inequality can be
reduced to the threat of total political and economic breakdown. When making their decisions, agents
do not take into account a new economic order which will be established after breakdown of the current



share of output, depending on inequality, is unproductively thrown away. This share might
be used to increase military expenditures, to support and expand various social programs
to pacify the population, etc. Under both assumptions, if inequality in the society is
sufficiently high, then the public property regime over natural resources is likely to result
in a higher long-run rate of growth compared with the private property regime.

In the most of the paper we compare two different institutional frameworks, private
and public ownership of natural resources, in a purely positive manner. However, it may
be interesting to ask whether differences in growth rate and inequality between private
and public ownership could be undone by a social planner implementing certain economic
policies. We show that the private property regime with an appropriately chosen capital
income tax can have less inequality and a higher long-run growth rate than the public
property regime.

The paper is organized as follows. In the main body of the paper we focus on the
description of the models and on the general statement of the results. All technical
details and proofs appear in Appendices. Wherever we formulate our results, there is
a reference to the corresponding proposition or theorem in Appendix. The main body
of the paper consists of the following sections. Section 2 presents the basic building
blocks of the model and the descriptions of property regimes. In Section 3 we study the
model with private ownership of natural resources. We define competitive and balanced-
growth equilibria, and present the explicit expression for the equilibrium rate of growth.
In Section 4 the model with public ownership of natural resources is considered. We
define a competitive equilibrium under given extraction rates, characterize a temporary
voting equilibrium, and study an intertemporal voting equilibrium, deriving the expression
for the long-run rate of growth. Section 5 compares the long-run consequences of the
two different property regimes. In Section 6 we modify the two models by taking into
account the impact of sociopolitical instability caused by inequality on the growth rates. In
Section 7 a model with private ownership is modified to include capital taxation. Section
8 concludes. Appendix A contains mathematical details and proofs of the statements
related to the private property regime. Appendix B provides a thorough formulation of
the public property regime. Appendix C is devoted to the private property regime with
capital taxation.

2 The model

We consider a discrete time dynamic general equilibrium model of the economy endowed
with the stock of exhaustible resources. The economy is populated with L heterogeneous
in their time preferences agents.

2.1 Production and resource extraction

Firms use physical capital, labor and natural resources to produce a homogeneous good,
which is a numeraire in the model. Extraction is costless, and all markets are competitive.

economic order. This new order will be better for some agents, and worse for others, but agents can
behave rationally only within the current economic order, and cannot extend their rationality beyond its
end. Therefore, an increase in the probability of breakdown increases the impatience of all agents.



Output is given by the Cobb—Douglas production function:

3
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where A; is total factor productivity, K is the physical capital stock, E; is the amount of
resources extracted in period ¢ (which is identified with the amount of resources utilized
in production), and L is the constant over time labor supply. Capital fully depreciates
during one time period. We assume that total factor productivity grows at an exogenously
given constant rate A > 0: A, = (1 + \) A;_;.

The production function in intensive form is given by

Y « o
Y = ft = Agk; e,

where k; = K;/L and e, = E;/L.
The amount of resources extracted for production decreases the available stock: R; =
R, 1 — E;. We denote the resource extraction rate by

Ry

&t

so that the per capita volume of extraction e; and the dynamics of the resource stock R,
are given by

ety
Since all markets are competitive, the interest rate r;, the wage rate w;, and the price
of natural resources ¢; coincide with the respective marginal products:

Rt = (1 — €t)Rt71-

€¢
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2.2 Households

There is an odd number L of agents, indexed by j = 1,..., L. Each agent is endowed
with one unit of labor. Agent j discounts future utilities by the factor 3;. We assume
that

1>p12082>...2> 8 >0,

i.e., agents are ordered by decreasing patience, from more to less patient. We denote by
J = {j | Bj = P} the set of agents with the highest discount factor. These agents
appreciate the future higher than the others, and we refer to them as the most patient
agents.

Agents obtain utility from their consumption over an infinite time horizon. Preferences
of agent j over consumption stream {c] }°, are given by the log-linear utility function:

Ul = Zﬁ;ﬁlncz.
=0



2.3 Property regimes

In almost every country of the world the state is the de jure owner of domestic natural
resources. Thus the primary questions are: who has control over the rights to exploit the
resource stock? And who has the right to obtain the resource income?

Following Borissov and Surkov (2010), we consider two different property rights
regimes over exhaustible resources: private and public. We suppose that the stock of
natural resources (e.g., oil or gas fields, coal mines, diamond mine with kimberlite pipes)
is divisible, and we do not consider common-pool resources (e.g., oil in the common un-
derground reservoir). It is, in principle, possible to divide the stock into individual parcels
and to assign property rights over each parcel.

If proprietary rights over these parcels are established, we refer to this situation as
the private property regime. The privately owned resource stock in situ is an asset to
its owner. Agents can invest in natural resources as well as in physical capital. By the
Hotelling (1931) rule, the equilibrium rate of return on the resource stock as an asset is
equal to the return on capital. The resource income goes to the resource owner.

There can be other property rights regimes over natural resources. It is reasonable
to consider the situation in which the exhaustible resource stock is controlled by a gov-
ernment that acts in the interest of the agents. We refer to this situation as the public
property regime. In this case the resource income is equally distributed among agents,
who choose the resource extraction rate by majority voting.

Note that in the public property regime there is no reason to expect that the Hotelling
rule holds. There are incentives for arbitrage operations, as the rate of change of the nat-
ural resource price can differ from the interest rate. However, we assume that private
storages are forbidden. There is no possibility to store resources; they are utilized imme-
diately after extraction. Thus no arbitrage opportunities can be exploited.

3 Private property regime

Consider first the case in which the exhaustible resource stock is privately owned. In this
section our exposition follows Borissov and Surkov (2010). We introduce the model and
specify its main properties. Formal definitions and proofs can be found in Appendix A.

3.1 Competitive equilibrium

Suppose we start at time 0. Agent j is endowed with some amount of physical capital

ki > 0 and natural resources R > 0. Given the equilibrium prlce of natural resources at

t = —1, q_1, the initial savings of agent j are determined as s’ | = q_ VRI 4 ki > 0.5
Agent j chooses her consumption plan by solving the problem of maximizing lifetime

6Note that the price of natural resources at time ¢ = —1 is determined endogenously. Therefore, the
initial savings of agent j are not given exogenously. To ensure that the initial savings are non-negative,
we impose the non-negativity constraints on initial holdings of physical capital and resources.



utility:

max Z ﬁ]t In CZ,
t=0

st A48l <(L4m)sl, +w,
s1 >0,
Sj_l - Q—1Rj + I;'j'

Here CZ and s{ are consumption and savings of agent j, r; is the interest rate, and w; is
the wage rate at time .

Agents are prohibited from borrowing against their future earnings. Thus their sav-
ings must be non-negative. They can be invested in both physical capital and natural
resources.” From the agents’ point of view, the two assets are perfect substitutes, so we do
not distinguish between physical capital and natural resource in the structure of agents’
savings. The return to investment into physical capital and into natural resources must
be equal (the Hotelling rule), hence the price of natural resources ¢; grows at the rate r:

@ = (1+7) .

We define a competitive equilibrium in the private property regime (starting from some
initial distribution of physical capital and natural resources),
€ = {(")jer, (1) jen ki wi g€ Ry}

=0 =0 t=0,1,... )

in a standard way by the following conditions:
e agents maximize their utilities subject to budget constraints;
e capital, labor and natural resources are paid their marginal products;
e the Hotelling rule holds;

e aggregate agents’ savings are equal to the investment into physical capital and nat-
ural resources.

A competitive equilibrium exists (see Theorem A.1 in Appendix A), and if initially the
stocks of physical capital and natural resources belong to the most patient agents, then the
competitive equilibrium starting from this state is unique (Proposition A.1). Also, in each
competitive equilibrium from some time onward only the most patient agents can make
positive savings, and from this time resources are extracted at a constant rate e* =1— 3,
(Proposition A.2).

"Formally speaking, the non-negativity constraint on savings does not rule out the possibility that some
agents have positive holdings of physical capital and negative holdings of resources, or vice versa. However,
in an equilibrium only agents’ savings are of interest for us, and it is irrelevant in which form they are
held.



3.2 Balanced-growth equilibrium

A balanced-growth equilibrium is a competitive equilibrium in which output, consumption,
savings, the capital stock and the wage rate grow at a constant rate v*, while the interest
rate r* is constant over time. The price of natural resources grows at a constant rate
equal to r* (by the Hotelling rule), and resources are depleted at a constant extraction
rate €*.

In our model, there exists a balanced-growth equilibrium (see Proposition A.3). In
such an equilibrium only the most patient agents make positive savings, while relatively
impatient agents make no savings and consume their wages. This important property is
known in the literature as the Ramsey (1928) conjecture.®

It can be checked that the interest rate r*, the extraction rate €*, and the growth
rate v* are the same for every balanced-growth equilibrium (Proposition A.4). Moreover,
every competitive equilibrium converges to a balanced-growth equilibrium (for the precise
meaning of this statement see Proposition A.5). Thus we can concentrate on the charac-
terization of balanced-growth equilibria when exploring the long-run perspective.

The equilibrium extraction rate is determined by the discount factor of the most
patient agents:

e =1- .

The equilibrium rate of balanced growth depends on the extraction rate, and hence is
given by

o 43
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Unlike Ramsey-type models without natural resources, in which the long-run growth
rate is determined by the exogenously given rate of technical progress, in economies with
natural resources the growth rate typically depends on the discount factor (see, e.g.,
Dasgupta and Heal, 1979). It is well-known that in representative agent models with
exhaustible natural resources the extraction rate affects the growth rate (see the discussion
in Stiglitz, 1974), and thus the discount factor plays a crucial role in determining the rate
of balanced growth.

The equilibrium extraction rate is decreasing and the rate of balanced growth is in-
creasing in the discount factor of the most patient agents. An increase in patience of the
resource stock owners means that they put more weight on additional future consumption
compared to additional present consumption. Thus they prefer to extract less amount of
resources today, and the rate of natural resource utilization becomes lower. In turn, lower
extraction rate (lower ratio of resource use per unit of time to stock) leads to a higher
growth rate in the future.

4 Public property regime

Consider now the case in which the stock of exhaustible resources is held in trust by the
government. Resources are extracted and sold to the private production sector. Income
from the sale of natural resources is equally distributed among agents who choose the
resource extraction rate by majority voting.” In this section we focus on the description

8For the history and discussion of this conjecture, see Becker (2006).

9This regime is also discussed by Borissov and Surkov (2010). However, their voting approach is not free
from certain major drawbacks. The voting mechanism in their model allows one to define voting only
in a balanced-growth equilibrium, and agents do not take into account the fact that policy changes have



of the model and on the general statement of the results. See Appendix B for formal
definitions and proofs.

4.1 Competitive equilibrium under given extraction rates

Let us first define a competitive equilibrium under given extraction rates starting from an
arbitrary point in time. Suppose that instead of time 0, we start at time 7. Each agent
J has savings 31_1 > 0 such that the corresponding stock of physical capital is positive,
kr = %Zﬁzl §/_ > 0. The stock of natural resources is also positive, R, >0.

Suppose that at time 7 agents have some non-degenerate expectations about future
extraction rates, {§}° . ,."% For any e, € (0,1) denote

E-(e;) = {er i1, €509, },

and notice that the sequence of extraction rates E,(e,) is in fact arbitrary.
Clearly, given the sequence of extraction rates, the per capita volumes of extraction
e; and the dynamics of the exhaustible resource stock R; are predetermined as follows:

Ri(e;)=(1—e)R_1, Rie;))=(Q—e)Riy(e;), t=T+1,7+2,...;

TRT— fRy T
. : et(gT)zgtt—l(E),t:T—i—l,T—i—Q,....

er(er) = —7— 7
Our notation emphasizes the fact that the future volumes of extraction and the dynamics
of the resource stock depend on the time 7 extraction rate e..
Given the future volumes of extraction, agent j solves the following maximization
problem:

max Z ﬁ; In cg,
t=r1

s. t. cz+s§§(1+rt)s{_1+wt+vt,

Here CZ and s{ are consumption and savings of agent j, r; is the interest rate, w; is the
wage rate, and v, is the per capita resource income at time ¢. The latter is the income from
the sale of the extracted resource to the production sector, equally distributed among all
agents.

In this model, agents are also prohibited from borrowing against their future income,
and their savings must be non-negative. Savings can be invested only in physical capital,
but not in natural resources. This is an important difference between the public property
regime and the private property regime considered in Section 3.

A competitive equilibrium

£ (er) = {(c™ (en))fons (877 (€0)) fors K (80, 1 (0) w0y (60), 4™ (e0) 0 (e0) Yo

is defined in a standard way by the following conditions:

general equilibrium effects.
10We call a sequence of extraction rates {e;}$° . non-degenerate if 0 < &; < 1 for all ¢, liminf; .. &, > 0,
and limsup,_, & < 1.

10



e agents maximize their utilities subject to the budget constraints, perfectly anticipat-
ing the profile of factor returns and resource incomes, {r;*(e,), w;*(e;), v;*(e,) }22.;

capital, labor and natural resources are paid their marginal products;

the resource income is determined by the marginal product of natural resources;
e aggregate agents’ savings are equal to investment into physical capital.

Let us clarify our notation £*(e,). We use #* to denote the equilibrium values in
the public property regime. The equilibrium starts at time 7, hence the subscript. The
equilibrium also depends on agents’ expectations about future extraction rates, and on
the parameters of the model. However, we are interested in the dependence of equilib-
rium variables on the current extraction rate e,. For instance, the notation {Cz**(ET)}fiT
emphasizes the dependence of the equilibrium consumption stream for agent j (and thus
her utility) on &,.

In the above definition we do not suppose that the Hotelling rule holds. Indeed,
the Hotelling rule corresponds to the equilibrium on the asset market, i.e., to the private
property regime, where the stock of natural resources is an asset in which agents can invest.
In the public property regime, the natural resource stock is not an asset, so the Hotelling
rule can be violated.!'’ Under some circumstances the rate of change of the resource price
may not be equal to the interest rate. However, since we assume that resources cannot be
stored privately, all arbitrage opportunities that arise from the violation of the Hotelling
rule are forbidden.

There exists a competitive equilibrium under given non-degenerate sequence of extrac-
tion rates (see Theorem B.1 in Appendix B), and, similarly to the private property regime,
if initially the stock of physical capital is owned by the most patient agents, then the com-
petitive equilibrium is unique (Proposition B.1). Also, in every competitive equilibrium
all but the most patient agents run their capital to zero (Proposition B.2). Eventually
the whole capital stock belongs to the most patient agents. Thus in the public property
regime the Ramsey conjecture also holds true.

4.2 Balanced-growth equilibrium under given extraction rate

Suppose that a sequence of extraction rates is constant over time. A balanced-growth
equilibrium under given extraction rate € is a competitive equilibrium in which output,
consumption, savings, the capital stock, the wage rate and the resource income grow at a
constant rate v**, while the rate of change of the resource price and the interest rate are
constant over time.

We show that for any € there exists a balanced-growth equilibrium (its characterization
is given in Proposition B.3). In any balanced-growth equilibrium only the most patient
agents make positive savings and thus own the whole capital stock. It follows that the rate
of balanced growth, the interest rate, and the rate of change of the resource price depend
on the parameters of the model and on the given extraction rate € (see Proposition B.4).
Moreover, every competitive equilibrium under a constant sequence of extraction rates
converges to a balanced-growth equilibrium (Proposition B.5).

1See Chermak and Patrick (2002) for a discussion of the Hotelling rule applicability to the observable
price dynamics.
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Thus, we can give a qualitative description of competitive equilibria under given ex-
traction rates. In every competitive equilibrium from some time onward only the most
patient agents own the whole capital stock. They obtain not only wages and the resource
income, but also the capital income. The incomes of all other agents consist only of wages
and the resource income. If, in addition, from some time onward the sequence of ex-
traction rates is constant, then a competitive equilibrium converges to a balanced-growth
equilibrium.

4.3 Time 7 voting equilibrium

Now we make extraction rates endogenous and introduce a voting procedure into our
model. Our approach to voting in a dynamic general equilibrium framework follows
Borissov et al. (2014b).'? In our model agents vote on the current extraction rate at each
point in time.

First we define a voting equilibrium under the assumption that a competitive equilib-
rium under given extraction rates is unique. Recall that this is true, in particular, when
the stock of physical capital is initially owned only by the most patient agents. Further,
in Subsection 4.6, we generalize our voting procedure to the case in which this assumption
may not hold.

Under the uniqueness assumption a voting equilibrium is defined as follows. At each
point in time agents choose the today’s extraction rate by majority voting under given
expectations about future extraction rates. We show that the agents’ preferences are
single-peaked, and hence the median voter theorem applies: at each point in time there
exists an instantaneous Condorcet winner, i.e., an extraction rate which is preferred by
a majority of agents to any other extraction rate. A time 7T (temporary) equilibrium is
determined by this Condorcet winner. We obtain the closed-form solution for the preferred
extraction rate for each agent, and show that it depends only on the discount factor of the
agent and is independent of expectations.!® Hence the instantaneous Condorcet winner
is the preferred extraction rate for the agent with the median discount factor. Since the
outcome of voting at each point in time does not depend on expectations, an intertemporal
voting equilibrium is defined in a natural way.

Formally, suppose at time 7 agents are asked to vote on the time 7 extraction rate.
Suppose that for given expectations about future extraction rates, {e{}52 .1, and for any
e, € (0,1) a competitive equilibrium E*(e,) is unique. Then we can unambiguously define
agents’ preferences over the time 7 extraction rate by the indirect utility functions:

Wie,) =™ (e,) + B e (e) + ... j=1,...,L, (1)

where {¢/**(e,)}s2. is the equilibrium consumption stream for agent j. Consumption
stream and objective functions depend on expectations and on the parameters of the
model as well. However, we use a notation that emphasizes the dependence on the time
T extraction rate £, on which agents vote.

12Borissov et al. (2014b) study voting on the shares of public goods in the GDP. Here we apply their
approach to voting on extraction rates.

13This is due to the log-linear utility functions and the Cobb-Douglas production function. Only in this
particular case we can apply our approach to voting in a dynamic general equilibrium framework. A
model with general utility and production functions in a dynamic optimization context is proposed by
Borissov et al. (2015).
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The voting method is majority rule. We define a time 7 (temporal) voting equilibrium
as a couple {e*, £**} such that the equilibrium extraction rate £* is a Condorcet winner in
voting on the time 7 extraction rate, and £ = £*(&*) is the corresponding competitive
equilibrium.

In order to determine the equilibrium extraction rate, we have to articulate how agents
vote on the time 7 extraction rate. When voting, agents maximize their indirect utility
functions given by (1). Therefore, it is crucial to know how the competitive equilibrium
E**(e,) changes when ¢, changes. Suppose that the time 7 extraction rate increases, while
the initial resource stock and expectations about future extraction rates remain intact.
In other words, let €, be replaced by some other extraction rate, £, > ¢,.

The time 7 volume of extraction increases by the factor &,/e.. Hence the output
at time 7 increases by the factor (£./¢,)*. Some simple but tedious calculations (see
Lemma B.9) show that consumption and savings of all agents, the wage rate, the interest
rate, the resource income, and the time 7 4 1 capital stock also increase by the factor
(€;/e,)?®, proportionally to the changed output.

Further, for all future periods of time the available resource stock decreases: it is
multiplied by the factor (1—£,)/(1—¢,) < 1. Since expectations about future extraction
rates do not change, this leads to the proportional decline in the volumes of extraction.
Thus there is a trade-off between the future and today’s extraction, which leads to a
trade-off between the future and today’s consumption. The agent’s decision on the time 7
extraction rate explicitly affects her future consumption by changing the available resource
stock.

Under our assumptions, agents’ preferences in voting on the time T extraction rate,
defined by (1), are single-peaked. We show that for each agent j there exists a unique
preferred time T extraction rate, i.e., the value €. that maximizes her indirect utility
function U’ (e;). Tt turns out that the preferred time T extraction rate for each agent j is
given by

ey =1-0, (2)
(see Proposition B.6). The preferred time 7 extraction rate for each agent is constant over
time, depends only on this agent’s discount factor, and does not depend on expectations
or on the current state of the economy.

By the median voter theorem, there exists a Condorcet winner in majority voting on
the time 7 extraction rate, which is the preferred extraction rate for the agent with the
median discount factor. It follows that there is a unique time T voting equilibrium, with
the extraction rate €& given by

5:* =1- ﬁmed; (3)

where Bpeq 15 the median discount factor (see Theorem B.2).

Note that the equilibrium time 7 extraction rate actually depends neither on the
current state of the economy nor on the expectations of agents. The equilibrium extraction
rate is constant over time and depends only on the distribution of the discount factors
across the population. This result in particular eliminates a strategic motive to influence
the outcomes of future votes. This is the reason why they can really be taken as given.

4.4 Intertemporal voting equilibrium

Now let us assume perfect foresight about future extraction rates and define an intertem-
poral voting equilibrium.

13



Suppose we are given a sequence of extraction rates
E™ =Eq" = {e;" 120
Denote by

& g —{ ] 1;<St )j 17kt 7Tt 7wt 7Qt 7Ut t=0,1,...

the corresponding competitive equilibrium starting at ¢t = 0 under the sequence of extrac-
tion rates Eg*.
Let also for 7 =1,2,...

*k ** JEx Kk *k k%
£ = (™) o (8T K w0y t=1,741,.

be the corresponding tail of £;*. Clearly, it is a competitive equilibrium starting at t = 7
under the sequence of extraction rates EX* = {ef*}° .

An intertemporal voting equilibrium is a couple which consists of the sequence of
extraction rates E** and the corresponding competitive equilibrium &£** such that for
every 7 = 0,1,..., the time 7 extraction rate €* and the competitive equilibrium &£**
constitute a time 7 voting equilibrium under perfect foresight about future extraction
rates (ef =&, t=7+1,7+2,...).

It is clear that in every intertemporal voting equilibrium the sequence of extraction
rates E** s constant:

E* = {™ e, ...}, (4)

where e =1 — Beq (see Theorem B.3).

The existence and uniqueness of an intertemporal voting equilibrium are related to
the corresponding properties of an underlying competitive equilibria. In particular, if
wnitially the whole capital stock belongs to the most patient agents, then an intertemporal
equilibrium exists and is unique (Theorem B.4).

4.5 Balanced-growth voting equilibrium

A balanced-growth equilibrium for which the sequence of extraction rates is given by (4)
is called a balanced-growth voting equilibrium. Put differently, a balanced-growth voting
equilibrium is an intertemporal voting equilibrium in which output, consumption, savings,
the capital stock, the wage rate, and the resource income grow at a constant rate v**,
while the rate of change of the resource price and the interest rate are constant over time.

It can be checked that if initially the whole capital stock is owned by the most patient
agents, then the intertemporal voting equilibrium converges to a balanced-growth wvoting
equilibrium (Theorem B.5).

The most important conclusion to emerge from the characterization of a balanced-
growth voting equilibrium is that the voting equilibrium extraction rate is fully determined

by the median discount factor:

=1- Bmed-
Consequently, the rate of balanced growth depends on the median discount factor:
. 1 o3 EEUIRE
Ty = (14 )™ (1= )5 = (L )™ 50

It is clear that the more patient the population as a whole is (the higher f,,.q is), the
lower the voting equilibrium extraction rate is and the higher the long-run growth rate
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is. These results capture the intuition that the more patient agents value the future more
highly and tend to smooth their consumption. They vote for the lower extraction rate
today in order to maintain a higher resource stock level in the future, which leads to a
higher growth rate.
As we have mentioned, the Hotelling rule can be violated. The rate of change of the

resource price 7** is not necessarily equal to the interest rate r**. Namely, we have

1+ 7 . ﬁl

14 r** ﬁmed.
It follows that if S,,.q < (1, then 7m** is larger than r**. However, this should not be a
great surprise. In the public property regime agents cannot invest in natural resources,
so there is no reason for the Hotelling rule to hold. Indeed, in this model the return
on capital is related to the discount factor of the most patient agents, and the resource
extraction rate is determined by the agents with the median discount factor. Unless these
types of agents coincide (i.e., unless f.q = 1), the Hotelling rule is violated.

4.6 Generalized intertemporal voting equilibria

Our definition of an intertemporal voting equilibrium is given under the assumption of
the uniqueness of the competitive equilibrium under given extraction rates. In particular,
this assumption ensures the uniqueness of the time 7 voting equilibrium and the existence
of an intertemporal voting equilibrium.

Let us discuss the general case in which the uniqueness of a competitive equilibrium
E**(e;) is not guaranteed. The difficulty here is that we cannot unambiguously define
agents’ indirect utility functions and obtain agents’ preferred values of extraction rates.
However, if we apply the technique proposed by Borissov et al. (2014b), we can get around
this difficulty. To do this, we impose a certain additional assumption on the beliefs of
agents.

Let us assume that agents do not take into account the multiplicity of equilibria and
believe that a competitive equilibrium after the change of the time T extraction rate is
associated with a competitive equilibrium before the change in the way discussed in Sub-
section 4.3 (and described in Lemma B.9). Our assumption implies that agents simply
act as if the competitive equilibrium £**(e,) is unique for any given extraction rate e,.

We define a generalized intertemporal voting equilibrium in essentially the same way
as an intertemporal voting equilibrium. The only difference is that we do not assume the
uniqueness of the competitive equilibrium; it is replaced with the additional assumption
about agents’ beliefs.

Clearly, any intertemporal voting equilibrium is a generalized intertemporal voting
equilibrium. Moreover, if initially the whole capital stock belongs to the most patient
agents, then any generalized intertemporal voting equilibrium is an intertemporal voting
equilibrium.

Under our additional assumption all the results concerning voting equilibria remain
the same as in the case of the unique competitive equilibrium. Namely, the preferred
value of the time 7 extraction rate for agent j is given by (2), and the equilibrium time 7
extraction rate is constant over time and given by (3). What is important, there always
exists a generalized intertemporal voting equilibrium, and the sequence of extraction rates
in every generalized intertemporal equilibrium is constant over time and given by (4)
(this is the statement of Theorem B.6). Furthermore, every generalized intertemporal
equilibrium converges to a balanced-growth voting equilibrium (see Theorem B.T7).
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5 Comparison of the balanced-growth equilibria

Now we can analyze the long-run consequences of different property regimes in terms of
economic growth. In the private property regime, every competitive equilibrium converges
to a balanced-growth equilibrium. In the long run only the most patient agents obtain
income from the capital and resource stocks. Therefore, the equilibrium extraction rate
and the rate of balanced growth are determined by the discount factor of the most patient
agents and given by

6* =1 _/817
a3

144" = (14 A& gl

In the public property regime, the sequence of the resource extraction rates is chosen
by majority voting. Every generalized intertemporal voting equilibrium converges to a
balanced-growth voting equilibrium. In the long run the economy is characterized by
the voting equilibrium extraction rate and the rate of balanced growth. They are given
by structurally similar equations as in the private property regime, but depend on the
median discount factor:

ok
et =1- ﬁmeda
og

149" = (1+\)Ta L2,

med

It follows that in both regimes the more patient the decision makers are, the lower
the extraction rate is and the higher the long-run growth rate is. This is reasonable
since patient agents decide to extract less today in order to provide a higher standard of
consumption in the future. Therefore it is possible to sustain a higher growth rate in the
long run.

The question of which property regime leads to a higher long-run growth rate reduces
then to the question of the relationship between the median discount factor and the highest
discount factor. In other words, this is the question of whether the most patient agents
constitute the majority of the population. If the most patient agents do not constitute
the majority of the population (5eq < 1), then the equilibrium extraction rate in the
private property regime is lower than in the public property regime. This means that the
long-run growth rate is higher in the private property regime. If the most patient agents
constitute the majority of the population (5,,.q4 = f1), then there is no difference in the
growth rates between the two regimes in the long run.

It should be emphasized that we do not argue in favor of private or public ownership,
and do not claim that a higher growth rate is better than a lower one. To answer the
question, what is better for the society, a social welfare function should be used, and the
optimal growth rate is determined by the discount factor of the social planner. However,
aggregation of individual preferences and the choice of the discount factor of the social
planner is not an easy task when agents are heterogeneous in their time preferences.
For instance, Zuber (2011) shows that if agents have different discount factors, then no
Paretian social welfare function satisfying natural requirements (history independence,
time consistency and stationary) exists.
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6 Property regimes and income inequality

Recall that in the case of public ownership, the resource income is equally distributed
among agents, while the capital stock in the long run belongs only to the most patient
agents. In the case of private ownership, the most patient agents obtain both capital and
resource incomes in the long run. Hence private ownership, all other things being equal,
results in higher income inequality than public ownership. Our results suggest that unless
we take into account inequality, the private property regime over exhaustible resources is
more favorable for promoting long-run economic growth than the public property regime.
However, since inequality can have detrimental effects on economic growth, this conclusion
is somewhat hasty.

There is conflicting evidence concerning the relationship between income inequality
and economic growth. Various studies provide evidence for positive, negative or non-linear
relationships (see, e.g., Henderson et al., 2015). However, there are some convincing theo-
retical and empirical arguments that inequality has a negative and statistically significant
long-lasting impact on economic development (see, e.g., Keefer and Knack, 2002; Borissov
and Lambrecht, 2009; Herzer and Vollmer, 2012; Cingano, 2014).

In particular, Alesina and Perotti (1996) emphasize the role of social conflict as a link
between inequality and growth. Inequality increases sociopolitical instability and causes
social tension. It creates uncertainty in the politico-economic environment, which in turn
reduces investment incentives and affects the security of property rights. Uncertainty and
social tension induce fear of losing the sources of income. All these can lead either to a
faster depletion of resources, or to unproductive costs and losses in output. Both channels
reduce the growth rate of the economy. Thus higher inequality in the private property
regime may result in a lower long-run rate of growth compared with the public property
regime.

Let us model two channels through which uncertainty and social tension caused by
inequality affect economic growth. Suppose that there is a value p which reflects a detri-
mental effect of inequality on the economy. Let us assume that p = ¢(G), where G is the
Gini coefficient, and the function ¢ : [0, 1] — [0, 1] satisfies the following properties:

e (@) is continuous;
e (G) =0 for G smaller than some G}
e )(Q) is increasing for G > G.

An exemplary form of this function is shown in Figure 1. Below we will embed the function
¥ (G) in our model and clarify its role in affecting the long-run variables.

Clearly, income inequality changes over time. However, for a balanced-growth equilib-
rium it is constant over time. Let us compare balanced-growth equilibria in the private
and public property regimes, taking into account inequality effects.

In a balanced-growth equilibrium the income distribution depends on two characteris-
tics. The first characteristic is the fraction of stock owners, which we denote by o. Stock
owners are the agents who obtain income from both capital and resource stocks in the
private property regime, or the agents who own the capital stock in the public property
regime. It is clear that the set of stock owners is a subset of the set of the most patient
agents, J. If every agent from the set J makes positive savings in a balanced-growth
equilibrium, then o = |J|/N. Otherwise, o < |J|/N.
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0 G 1
Figure 1: An exemplary form of the function ¥(G)

The second characteristic is the distribution of savings across the set of the stock
owners. For simplicity we consider the case in which savings are distributed evenly (i.e.,
initial holdings of capital and resources are equal) across the stock owners. Given o, any
other pattern of the savings distribution in a balanced-growth equilibrium results in a
higher Gini coefficient. Therefore, for a given o, the even distribution of savings across
the stock owners provides a lower bound on inequality in the society.'*

It is not difficult to calculate the Gini coefficient based on the income distribution of
agents in a balanced-growth equilibrium for both property regimes. We have

G=a(l—-o0),

where a = a4 for the public property regime, and o = o1 + a3 for the private property
regime.

Let us explore two channels through which inequality affects economic growth. Con-
sider first how uncertainty and social tension caused by inequality lead to a faster resource
depletion. Following Borissov and Lambrecht (2009), we model this possibility by assum-
ing that the discount factors of agents are formed endogenously. Insecure property rights
reduce confidence about the future and decrease the discount factors of agents. Agents
are not sure of the future and are not able to put the high weight on their future utility.
Namely, let us assume that the objective function of agent j is given by

U7 =3 (1 =p)8) ndl,

t=0

where p = (@), as discussed above. In this case p reflects the insecurity of property

14We assume that agents are negligible, and their decisions have no effect on inequality, which they take as

given. However, if patient agents can by their actions affect the general equilibrium (e.g., in the case when
they own shares in a single firm), then they should be treated as strategic actors who would anticipate
that high income inequality causes instability, and thus inequality would be endogenous. The analysis
of these issues typically adopts the Markov voting equilibria framework (see, e.g., Acemoglu et al., 2012,
2015), which is beyond the scope of our paper.
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rights that lowers the discount factors of all agents.'® The value (1 — p)53; may be called
the effective discount factor of agent j.
The long-run equilibrium extraction rates are now given by

e =1—(1—-9Y[(n +a3)(1—0)]) B,
et =1- (1 - w[Oq(l - U)]) Brned:-

Thus the rates of balanced growth are given by

144" = (1+ N7 (1= ¢ + ag)(1 — 0)])p)To

L4797 = (14+ A7 (1 = dlar(1 = 0)]) Brea) =01 -

It follows that high inequality can lead to the increase in the resource extraction rate
and to a decrease in the rate of balanced growth. Indeed, suppose that o satisfies the
following condition:

(n +a3)(1 —0) > G,

or, equivalently,

o<1-— L (5)
aq + o
Clearly, this may happen when inequality in the society is sufficiently high, i.e., when there
are only a few stock owners. Then, the extraction rate ¢* in the private property regime
becomes higher, and the corresponding rate of growth 1 + 7* becomes lower, compared
with the case in which we do not take into account the impact of the insecure property
rights.
If inequality is so high that
G
o<1l——,
a1
then the equilibrium extraction rates under both property regimes become higher, and
both long-run growth rates become lower, compared with the case without the inequality
impact.
Let us compare the growth rates between the two property regimes. It is clear that for
14" > 14 v, the following condition must hold:

1 —¢[ai(1-0)] - P
L—9llar+az)(1=0)] = Brmea

Notice that when (.4 = [1, condition (6) is equivalent to condition (5). Thus if
the most patient agents constitute the majority of the population, and inequality is just
sufficient to increase the extraction rate in the private property regime, then our previous
conclusion about the same growth rates in the two regimes is no longer true. Taking
into account the impact of insecure property rights, it is the public property regime that
results in a higher rate of growth compared with the private property regime.

If the most patient agents do not constitute the majority of the population, then
condition (6) is more likely to hold when inequality is high, i.e., for the low values of o.
In other words, when there are only a few stock owners, it is more likely that the public
property regime leads to a lower equilibrium extraction rate (e** < €*) and a higher rate
of growth (7™ > ~*) than the private property regime.

(6)

15Similar reasoning is used by Gaddy and Ickes (2005).
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Consider now how uncertainty and social tension caused by inequality lead to the high
social costs and losses in output. Assume that in each period a certain share of output
which depends on inequality is wasted. If inequality is low, then the wasted fraction is
zero. If inequality is high, then instability is also high. In order to pacify the population,
a certain share of output will be unproductively thrown away. This wasted share may
represent military, police or other special forces expenditure, social spending, etc.

Assume that output per capita is given by

Yt = (1 —p)Atk?1€?37

where p = ¥(G) now reflects the share of GDP which is drawn away to maintain public
order and to prevent possible dissatisfaction of the population about inequality in the
society.

Here, the impact of uncertainty and social tension caused by inequality does not
influence the equilibrium extraction rates. However, it changes the rates of balanced
growth. The growth rate in the case of private property is given by

1497 = (1= ¢l + ag(l — 0)]) (1 + N = .

The growth rate in the case of public property is given by

1477 = (1= dlar(l — o)]) (1 +A)82,) = .

It follows that 1 +~** > 1 +~* if

1 — 9oy (1 - o)) B
1 —¢[(a1 +a3)(1 —0)] g (6med>

Again note that when f,,. = (1, condition (7) is equivalent to condition (5). This
means that if the most patient agents constitute the majority of the population, then as
soon as inequality matters, the public property regime results in a higher long-run rate of
growth than the private property regime. If the most patient agents do not constitute the
majority of the population, then condition (7) is more likely to hold for the low values of
0.

_3
1—aq

(7)

Therefore, the two considered channels through which uncertainty and social tension
caused by inequality affect economic growth lead to similar results. When inequality in
the society is sufficiently high, the public property regime may lead to a higher long-run
rate of growth than the private property regime.

7 Income inequality and capital taxation

Up to this point our analysis was purely positive, and our concern was in comparing
two different institutional frameworks, private and public ownership. As we have noticed
above, it is difficult to make normative judgements and discuss economic policy within
models where agents are heterogeneous in their time preferences. The very existence of a
social welfare function satisfying certain natural requirements is questionable (see Zuber,
2011), and, in particular, it is unclear, what discount factor a social planner should have.

One might conjecture that a social planner can achieve her goals by implementing
an appropriate economic policy in the form of taxes (e.g., introducing capital income or
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resource income tax). Following the logic of our models, it is natural to assume that the
tax rate is also chosen by majority voting. This seems to be a difficult task'® which may
be a fruitful topic for further study, as we have no developed theory of voting for this
case.

Having said that, suppose that a social planner seeks to maximize the long-run growth
rate of the economy, and simultaneously tries to reach tolerable income inequality. Then it
is reasonable to consider the question of whether differences in growth rate and inequality
between private and public ownership could be undone by capital income taxation.

Our initial model with private ownership of natural resources is easily modified to
include capital taxation (see Appendix C for details). Suppose that capital income is
taxed at some fixed rate €, and tax revenues are lump-sum distributed to the agents.
Then in the priwvate property regime with capital tax the long-run growth rate and the
long-run extraction rate are exactly the same as in the private property regime without
capital tax:

1 a3
1+ ry* - (]‘ + A)ﬁ 6117&17
6* =1- ﬁl)

(see Proposition C.1 in Appendix C). The introduction of a capital income tax does not
affect the long-run growth rate, and, at the same time, increases the share of wages with
transfers in the total income (from s to as + fay), thus decreasing inequality.!”

Therefore, if a social planner seeks to maximize the long-run growth rate and explicitly
takes into account that inequality adversely affects the growth rate, she may effectively
implement a tax on capital income. Private ownership with capital tax is equivalent
to private ownership without tax in terms of growth rates, while an appropriately cho-
sen capital tax (0 = az/a;) generates the same income inequality as public ownership.
Moreover, it is in principle possible to achieve less income inequality and obtain a higher
long-run growth rate in the private property regime with capital taxation than in the
public property regime.

8 Conclusion

In this paper, we consider two Ramsey-type models of economic growth with exhaustible
natural resources and agents heterogeneous in their time preferences. The important
difference between the two models lies in the property regime over natural resources. The
first model assumes that the resource stock is privately owned. The second model assumes
that the resource stock is controlled by a government for the common benefit.

In the private property regime, the resource income belongs to the owners of nat-
ural resources. The extraction rate is determined by the market forces of supply and
demand. Eventually only the most patient agents obtain income from both capital and
resource stocks. We show that every competitive equilibrium in this model converges to

16Tt should be noted that the impact of capital taxation on inequality depends on the capital distribution
among the most patient agents (cf. Alesina and Rodrik, 1994), while the distribution of capital among
the most patient agents on a balanced-growth path in our models is in principle indeterminate.

17Recall that in a balanced-growth equilibrium in the private property regime impatient agents consume
only their wages. In a balanced-growth equilibrium with capital taxation, each impatient agent receives
her wage, w; = asys, and a lump-sum transfer payment, faqy;. In both cases the capital stock belongs
only to the most patient agents.
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a balanced-growth equilibrium. In the long run the discount factor of the most patient
agents determines the long-run extraction rate and the growth rate.

In the public property regime, the resource income is equally distributed among all
agents, who choose the resource extraction rate by majority voting. We define an in-
tertemporal voting equilibrium and establish its convergence to a balanced-growth voting
equilibrium. It turns out that the preferences of the agent with the median discount factor
determine all voting decisions. In particular, the long-run extraction rate and the rate of
growth are determined by the median discount factor.

When comparing the long-run effects of the two property regimes in terms of economic
growth, we have to distinguish between two cases. The first is the case in which the most
patient agents constitute the majority of the population. Here the rates of balanced
growth under the two regimes are equal. The second is the case in which the most patient
agents do not constitute the majority of the population. It follows that the equilibrium
extraction rate in the private property regime is lower than that in the public property
regime. Correspondingly, the growth rate is higher in the private property regime. The
intuition behind this result is as follows. More patient agents prefer to extract less amount
of resource today in order to provide a higher standard of consumption in the future.
Therefore, the private property regime, in which the extraction rate in the long run is
determined by the discount factor of the most patient agents, sustains a higher growth
rate.

The conclusion that the private property regime is better for economic growth than
the public property regime is not necessarily true if we take into account the detrimental
impact of inequality on economic development. In the case of private ownership, only
the most patient agents obtain the resource income in the long run, while in the case of
public ownership, the resource income is equally distributed among all agents. Hence the
private property regime, all other things being equal, results in higher income inequality
than the public property regime.

We explore two different channels through which uncertainty and social tension caused
by inequality affect economic growth. The first channel assumes that the discount factors
of agents are formed endogenously. When inequality is high, agents’ confidence about the
future reduces, their discount factors decrease, and thus inequality explicitly affects the
long-run extraction rates. The second channel assumes that a certain share of output,
depending on inequality, is unproductively wasted. This wasted share may be thought
of as military expenditures, or social spending to pacify the population. In both cases if
inequality is sufficiently high, then the public property regime will likely result in a higher
long-run rate of growth.

These results suggest that in the absence of redistributive policy, there is no unam-
biguous answer to the question, which of the two property regimes does lead to a higher
long-run rate of economics growth. In societies with moderate inequality, private owner-
ship of natural resources is likely to provide a higher long-run growth rate than public
ownership. In societies with high inequality, the public property regime may result in a
higher long-run growth rate compared to the private property regime.

It turns out, however, that if a social planner seeks to maximize the growth rate of
the economy taking into account the detrimental effect of inequality on the economy, then
she may effectively implement a capital income tax and lump-sum transfers. The private
property regime with such a redistributive policy will lead to less income inequality and
a higher long-run growth rate compared with the public property regime.
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A Appendix 1. Private property regime

A.1 Competitive equilibrium

Suppose we are given an initial state of the economy, Z, = {(l%g)le, (R )51}, where

kDL and (R7,)E, are initial distributions of physical capital and natural resources
0/)j=1 1)j=1
among agents.
We assume that Z; is a non-degenerate initial state,'® i.e.,

k>0 R, >0 j=1,...,L,
1 Lo
sz3>o, Y R >0
j=1 j=1
Definition A.1. A competitive equilibrium starting from the initial state Iy is a sequence
€ = {(d")hr. (1) ki1 0 g € RE
such that

1. Foreach j=1,...,L, the sequence {CZ*, s{*}fio 1s a solution to the following utility
mazximization problem:

max Z 6; In CZ,
t=0

s. t. c{+s{§(1+n)s{fl+wt, t=0,1,...,
si>0, t=0,1,...

(A1)

. @ ai L ig
atry =17, wg = wy, andsilzﬁpil—i-ké,

2. Capital 1s paid its marginal product:
Ltry = o Ay(k)™ (€)™, t=0,1,...,
where ki = %Zle ki

3. Labor is paid its marginal product:

wy = ag (k) (ef)*, t=0,1,...;

4. The price of natural resources is equal to the marginal product:

¢ = asA(K)M (e, t=0,1,...;
5. The Hotelling rule holds:

q;rl:(l_'—r;rl)q:? t:O7177

18We impose the non-negativity constraints on initial distributions of physical capital and natural resources

only for technical convenience. The individual holdings of capital and resources are indeterminate on the
equilibrium path, they may be positive as well as negative. However, they do not appear in the definition
of equilibrium; it is irrelevant, in which proportion agents invest their savings in different assets. Since
the two assets are perfect substitutes, only agents’ savings are important in an equilibrium.
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6. The natural balance of exhaustible resources is fulfilled:*
R =R; ,—Le;, t=0,1,...,
where R* | = Zle R

7. Total agents’ savings are equal to the investment into physical capital and natural
resources:

E:s - qH1 — Ry + Lk, t=0,1,....
t+1

The existence of a competitive equilibrium is established in the following theorem.?°

Theorem A.1. For any initial state Iy there exists a competitive equilibrium starting
from I.

Proof. We divide the proof of the theorem into two steps. First we show the existence
of a competitive equilibrium in the finite horizon model. We prove that for any 7" > 0
there exists a finite T-period competitive equilibrium. Second, we construct a candidate
for a competitive equilibrium in the infinite horizon model by applying some kind of
diagonalization procedure to the sequence of finite T-period equilibrium paths, and then
prove that this candidate is indeed a competitive equilibrium in the infinite horizon model.

Step I. Competitive equilibrium in the finite horizon model.
Let us define a finite T-period competitive equilibrium along the lines of the above
definition.

Definition A.2. A finite T-period competitive equilibrium starting from the initial state
Ty is a sequence

{(Cz]t*)] 17( St )] 17k;,kart?wt?qweﬂR*}t:()’l’m,r_p
such that

1. For each 3 =1,..., L, the sequence {07 s }t o 15 a solution to the following utility
mazximization problem.

T
max Z BiInc]

. ) =0
s. t. d+s§§(1+rt)si_1+wt, t=0,1,...,T,
>0, t=01,...,T,

(A.2)

at ry =1y, w, = wy, and
i _ @
8_1 — *
1475
9Note that extraction rates are determined here in an equilibrium by the market forces of supply and
demand.
20The proof of Theorem A.1 is based on the ideas presented in Becker et al. (2015). The existence of

equilibrium in the considered Ramsey-type model can be also proved along the lines of Becker et al.
(1991).
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2. Capital 1s paid its marginal product:
L+7f =g Ak e, t=0,1,...,T,
where kf = %Zle ki
3. Labor is paid its marginal product:

wy = ag (k) (e})*, t=0,1,...,T;

4. The price of natural resources is equal to the marginal product:
g = azA(K)M (e, t=0,1,...,T;
5. The Hotelling rule holds:
G =1+, t=01,....T -1
6. The natural balance of exhaustible resources is fulfilled:
Rf=R; ,—Lef, t=0,1,...T,

where R* | = Zle Rj_l, and Ry > 0, e, >0, forallt=0,1,...,T;

7. Total agents’ savings are equal to the investment into physical capital and natural
resources:

L *
St = L Ry Lk, t=0,1,..,T 1.
o L+rf,

It is clear that {c]*, sJ*}7, is a solution to (A.2) if and only if it satisfies the following
conditions:

A+ s =1 4r)s +w, t=0,1,...,T, (A.3)
t‘il Z 5](1 + T:—i—l)cz* (: lf Sz* > 0)? t= 07 ]-7 cee 7T - ]-7 (A4)
3? =0.

Let €} be the extraction rate at time ¢:

*

€t

*
_ Le;

.
t—1

The existence of a competitive equilibrium in the finite horizon model is shown via
the following steps. First we present some preliminary definitions and results that will
be useful in what follows. Second, we reduce our finite horizon model to a game, and
show that there exists a Nash equilibrium in this game. Third, we prove that a Nash
equilibrium in the game that represents our model determines a competitive equilibrium
in the finite horizon model.

Step 1.1. Preliminaries
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We use the notation
eR

e=ce(e,R) := 7

for the volume of extraction as depending on the extraction rate € and resource stock R,

and the notation

fk,e, A) == Ak™e™
L+r(ke A) =y Ak* e,
w(k,e, A) == ag Ak e,
q(k,e, A) = az Ak™ e ™1

for the output (production function), interest rate, wage rate, and resource price as de-
pending on the capital stock k, the volume of extraction e and total factor productivity

A. Tt is clear that for all k,e, A,

(14 7k, e )k + w(k, e, A) + q(k, e, A)e = f(k,e, A), (A.5)
1 k,e, A))k k,e, A ke, A
fb oty — (L rlhe ADE ke d) (ke Ale o)
aq Qg as
In particular,
q(k,e, A) ask ask L
—_— = —— = ———. A7
1+rkeA) ae aeR (A7)
Denote
. as(l—pr)
. 1—(0&14‘@2)(1—51)’
1
g:= .
1+ Br(1—B1)?
Let - .
_ Rfl,,:: Rfl,
Rt = (1 —fj)Rt,b t:(),l,...,
€ 1= ERt_l, t=0,1,..., (A.8)
L R
¢ B
L
Denote oy
1 1 (el —€)\ T
1+g:max{(1+>\)la1,(1+>\)1a1 (6( E €)> }
where A is the growth rate of the total factor productivity:
At — (1 + )\>At—1 — (1 + )\)tAQ. (Ag)

Let also o

3

14§ :min{(1+A)11al (_5(1—5)

)

1+g=Braa(l+g).

and
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It is clear that .
14+g> (14 \)Te,

ez 0 () a0
| 4§ < DolE)™
(ko)l=er (A.11)

1+§<(14+MN)T <b>“

£

and
I+g>1+g>1+y. (A.12)

Suppose that & > 0 is given by
(1+g)k = (r)™, (A.13)
Let the sequence {k;} be given by
kirr = (14 9)ks,

where

]7{0 - /_Q(AoéQB) ﬁ .

We show that ) B
R(Ay(e)*) 7o < ky. (A.14)

Due to (A.9), (A.10), and the choice of ko, we get

R(AKE)™) ™ = K (14N Ap(e)*) =51 < (Aof@)™) =1 (1+9)' = (1 +9)'ko = K

Moreover,

f(ke e, Ay) <k, t=0,1,.... (A.15)
Indeed, using (A.14), (A.13) and (A.12), we get

Pk, 2, ) = ki = (R)™ @) = (14 )k
_ o (Al _ . A .
=k ((%01_(11 (1 + g)> <k ((l{)l_o‘lAt(e)% (1 + g))

kK ( —<1+g>> —h((11g) - (1+g) <.

Denote ~
Et = th+1. (A16)
Clearly,
et = (14 7). (A17)

Let the sequence {k,;}2, be defined recursively as follows. We take ko such that
0 < kg < kg. Suppose we are given k; > 0. Consider the following equation in k:

ag 1l Cti1 5
1+ — = k + - = k , € >A :
( ) Br(l+7r(k, éry1, Ary1)) flke, &, A
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The left-hand side of the above equation is increasing in k, and equals to 0 when k& = 0.
Thus there is a unique positive solution to this equation. We take k; 1 > 0 as this solution.
Clearly, the sequence {k;}°, satisfies the following equation:

0431) ~ @4.1 T~
1+_j kt 1+ = - :f(kt,et,At), t:O,l, (A18)
( &) B+ vk, i, Avp))

Step 1.2. A game.

We reduce our finite horizon model to a game I' = (Xj, Gi)rer. Recall that to specify
a game, we need to describe a set of players, I, and for each player k£ € I define the
strategy set X and the loss function

@:H&%R

Elements of [],., X; are called multistrategies. The equilibrium of the game I is defined
as follows.

Definition. A multistrategy (x"{, e ,a:r”> 18 called a Nash equilibrium of the game T if

for each k € I, x3 is a solution to

Il’éill Gk (xia s szpxk@zﬂa s 7xr1\) )
k
s. t. xp € Xj.
The sufficient conditions for the existence of a Nash equilibrium of this game are well-
known (see, e.g., Ichiishi, 2014): for each k € I the set X}, is a convex and compact subset
of a finite dimensional space, and the function Gi(x1, ..., ok, ..., 2y) is continuous in all

variables and quasi-convex in xy.
Consider the following game I'y with 37 + (27 + 1)L players where

1. for each agent j =1,..., L,
(a) T players determine s/, t = 0,1,...,T — 1, by solving

msin S (CZ—H - ﬁj(l + T(ktJrl? €(5t+1> Rt)7 At+1))c{) )

st 0<s< L (A.19)

(b) T + 1 players determine ¢}, t =0,1,...,T, by solving

Y

Incil'l ‘C — ((1 + T(k?t, 6(515, Rt—1)7 At))ngl + w(k:t, €(€t, Rt—l); At) - Sg)
s.t. 0<e< g,

4 A (A.20)
where s =0 and R_; = R_;.
2. T players determine ki, t = 1,2,...,7T, by solving
i |6 — 1 L j Q&L
D IA S ek (A1)

.t ky <k < hm
- - I3
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3. T players determine R;, t =0,1,...,T — 1, by solving

m}%n |R — (]. — Z‘:t) Rt_1| s

. . (A.22)
s.t. R <R<R_q,
where R_; = R,l.
4. T players determine &;,, t =0,1,...,T — 1, by solving
| (e(e, Rt—l))lia3 e(erq1, Ry)
T AR N | (A.23)

s. t. e<e<g¢g,

A

where R_; = R_q, and e = 1.

Lemma. There exists a Nash equilibrium in the game I'p with 3T + (2T + 1)L players
having the strategy sets and loss functions described by (A.19)—(A.23).

Proof. All the strategy sets are closed intervals, and for each player the loss function is
continuous in all variables and quasi-convex in the player’s own strategy variable. O]

Step 1.3. Nash equilibrium vs. competitive equilibrium.
The following lemma maintains that the Nash equilibrium of the game I'; determines
a finite T-period competitive Eg-equilibrium.

Lemma A.1. Let

{(CZ*)iiéj'{’LT, (Sg*)zj,’i'7'_’,_L7T_1, (kf )i=1,2,... 7 (R} )i=0,1,... 7—1, (€] )t=0,1,..., T—1}

-----

be a Nash equilibrium of the game I'p. Let ki = ]};0, R*| = Ry, R, =0, e =1, and
si =0 for all j. Let also

er=elel,R), t=0,1,...,T,

L+r; =1+r(kl,e,A), t=0,1,...,T,

wy =w(ky, e, A), t=0,1,...,T,

g =qk;, e, A), t=0,1,...,T.
Then ‘ ‘

{(C{*)JL:U (Sg*)JL:l’ k:’ T:7 w:7 q:7 6:7 R:}tzo,l,...7T

is a finite T-period competitive equilibrium starting from the initial state Z,.

Proof. First, observe that

o if ¢, > Bi(1+ r(kip1,e(ers1, Re), Ars1))cl, then the only solution to the problem
(A.19) is s = 0;

o if ¢/, = B;(1 4 r(kes1,eri1, Arp1))cl, then any s from the interval [0, %] is a
solution to the problem (A.19);
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o if C‘Z_H < B;(1 + 7(ket1, €441, Aip1))cl, then the only solution to the problem (A.19)

. Lk
is § = ==L

Second, notice that minimization problems (A.20)—(A.22) are of the form
min |z — Z|,
s. t. a1 <z < as.

The unique solution to this problem, z*, is given by

ai, if z< aq;
T =qay, if T > as;

Zi, if aq S z S as.
Remark A.1. When & > aq, we have £ > x*.
Remark A.2. When & < ay, we have < x*.

Third, note that minimization problems (A.23) are of the form
min |g(x) — 2],
x
s. t. a1 < x < aqg,

where the function g(x) is increasing in x. The unique solution to this problem, z*, is

given by
ap, if z<g(a);

*

v = ay, if 2> gla);
g \(z), if glag) <2 < g(aq).
Let

{(CZ*)izollLTa (Sg*)gz&i.,.(’)f.,T—l’ (kf)e=12,..75 (B )i=0,1,.. 71, (5:)t:071,-..,T—1}

be a Nash equilibrium of the game I'p. Denote s7% = iy |+ kJ. Notice that that for

N 1+7g
allt=0,1,....7T, kf > k; > 0, and
0<e<feg <e< 1. (A.24)

Therefore, for all t =0,1,...,7,e; >0, w; >0,0< 147 < o0, and 0 < g < 0.
The proof of Lemma A.1 is divided into several claims.

Claim A.1. For each j=1,...,L,
0<c*<(4r)s +w;—s*, t=0,1,...,T, (A.25)

and hence A _ A
"+ <(1+r)s +w, t=01,...,T, (A.26)
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Proof. Assume the converse. Then, by the structure of the problem (A.20), there are j
and 0 < 7 < T such that

O<c <(U4r)s +w;—s, t=0,1,...,7—1,

and ' ' '
0=c*>(1+rHs" | +w— s (A.27)

Consider two cases. First, let 7 <T — 1. By (A.27),
s > (1+72)sl ) +wr > wh > 0.
Then, by the structure of the problem (A.19),
Ay < B +71E)d =0,
because otherwise we would have s/* = 0. Therefore, using Remark A.1, we conclude that
0=clyy > (L4 ri)s) +wiyy — sl

Repeating the argument, and using the structure of the problem (A.19), we obtain for
t=7,7+1,...,T -1,

st >0,
CZ-*H = 0.

However, c7T* = 0 is impossible, because SZF = 0, and by the structure of the problem
(A.20) we have . ' ' ‘
O=cf =" +s >0 +ryp)sh | +wy >0,

a contradiction. ' .
Second, let 7 =T Since ¢ ; > 0, and ¢} = 0, we have

Cf? — Bi(1+ 7“?)"?—1 =531+ T;)C%“*—l <0,

and, by the structure of the problem (A.19), sgf_l = % Using the fact that s¥ =0, by
the structure of the problem (A.20) we have

Ozcéqusgf > (1—1—7"})32;_1—1—10} >0,
a contradiction. O]

Claim A.2. Foreachj=1,...,L,

(1+r;‘)s{i1+w;‘<—€~ . t=0,1,...,T, (A.28)
1 ) Olle* 7t
e t
— — <=, t=0,1,...,T A .29
L;Stlag—f—O{lg: 57 ) y Ly ( )
and

1< g R,
—E <K b =l y=0,1,...,T. A.30
L4:1St—1— t+1_|_r2< L ’ s Ly ) ( )



Proof. Using the definition of s’* 1, we obtain

Therefore, by (A.31), (A.24), and (A.15)

L
(L4758 +wy <> (A +7r8)s™ +wp)

J=1

= (Ut ) O RY o+ L1+ ks + L =
0
R*

= oy Lf(kg, eq, Ao) + aoL f(kg, €5, Ao) + as f(kg, €5, Ao) o
0

(cn + Oég)Lf(k’S, 68, Ao) + OégLf(k?é, 68, A(]);
0

*

1—¢
= Lf(ky, ep, Ao) + asL f(kg, eg, AO)E—*O
0

_ _ 1-¢& _ _
< Lf(ko, & Ao) + asLf(ko, &, Ag) ——— < Lky + Lk,

which proves (A.28) for ¢ = 0.
Moreover, by (A.26),

L L L -
ZZ s <~ Z Q' +sy) < EZ((l—FTO)S]_l—i—’LUO) < =
j=1 J=1 j=1
Since €7 > 0,
061—81( < 1
o3 + o]
and therefore . B
R O |
L O a3 +ager T g’

which proves (A.29) for ¢t = 0.
It follows from Remark A.2 that

Using (A.7),
L
1 : g ki ¢ R
- ARy S e Ry F T & E—"1
L]ZIS“— D A

o = L(1+r3)ky + Lwj + ¢;R* 4

(A.31)

Thus, (A.30) holds for ¢ = 0.
To obtain inequalities (A.28)—(A.30) for all ¢ < T', it is sufficient to repeat the argu-
]

ment.
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Claim A.3. For each agent 7 =1,...,L,
: (A.32)

A s =0+ fw, t=0,1,...,T.

Proof. Using (A.28), (A.16) and the fact that sJ* > 0 for all t = 0,1,...,T, we get

; Lk &
— Sg* < ~+ = —.
9 £

(1+7))siy +wp

Therefore, by the structure of the problem (A.20), for each j =1,..., L,
F > +r)s wp—s)t, t=0,1,...,T.
O]

Combining this inequality with (A.25), we obtain (A.32).

Claim A.4. For each j=1,...,L,
t=0,1,...,T. (A.33)

i 2 Bi(L+ri)d” (= if s> 0),

Proof. Assume that for some j and t < T,
cfir < Bi(1+ri)d”

Then, by the structure of the problem (A.19), s]* = % By (A.28),

- Lkt _
(L4 )ity +up < S = o

and hence '
(L+rD)sty +wy — s <0,

which contradicts (A.25). Thus we have proved that
i > B+ i)

Moreover, if ‘ .
G > Bi(1+ri)a’,
then by the structure of the problem (A.19), s7* = 0. O

Claim A.5. Fort=0,1,...,T —1,
(A.34)

Ri = (1—¢)R;_,.
Proof. Due to the (A.8), (A.24) and the bounds for R in (A.22), forallt =0,1,...,7—1,
we have 3 . X R
Rt = (1 — é_')Rt,1 S (1 — EI)Rz;l S (1 — Er)Rfl < Rfl.
]

Now (A.34) follows from the structure of the problem (A.22).

It follows from (A.8), (A.24), the bounds for R in (A.22) and the definition of e} that
(A.35)

&G <e<e t=0,1,...T.
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Claim A.6. Forallt=0,1,...,T

k> ky, (A.36)
and
I~ e 4 R,
Zzsg_l 1+tr* k] (A.37)
Jj=1 t
Proof. Note that by the choice of ko,
]{?S > ];]0,

and it follows from (A.31) that (A.37) holds for ¢ = 0.
Assume that for some t =1,2,...T

J

1 : Q1€ q Qi€} ~
VES t—1 t—1 * * 11 7k
T § St—2 TR otk )| ———— =k > ke,
L = a3 + oiEf_ 1+7rf, as + oqEf
and
L * * *

S I Ay Uy PV P

T t—1 = t—1 t = Ry = Ky

L= az + aqgy 1+7; az + aief

By (A.32), (A.24), (A.6) and (A.35),

L L
1 o _ 1
ZE (c"y + E (L4 ry_y)stty +wy 1)
j=1 ]:1
* * * R* * * * * * —1
= (1 + Tt—l)kt—l + Z + wt 1= (1 + 7”1t—1)kt—1 W Gl

t—1

(L r Dk +wiy + ey = FRy ey, Ara) > ki, @, Ar)
Hence, due to (A.24),

L L
1 .
EZCi_l f(kt 1, €— 17At 1 Z

I 5 ;. agk = az 1
> flki-1, 61, A1) — kt__g—t > f(k;t 1,61, A1) — ky (1+_3j>'

aq €f
Therefore, there is j such that

ik ~ - ~ asl
ity > fki—y,ém1, Avr) — ke (1 + _ST) > 0.

€

(A.38)

Using (A.18), the bounds for ¢ in (A.20), and taking into account that k, = k', we get

* I ~ ~ a3l
lly > flhior, €1, Ar) — by (1 + _3_~)

a1 €

Ct

: > ’ S
6[/(1 +T(kt7ét7At>) N B](l +T<kt7€?aAt)> N 6](1 +T;(),
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and hence ' '
4 < B+ )
It follows from the structure of the problem (A.19) that

. Lk
S‘Z—l — ?t.
By (A.32) and (A.28), we have
. . . . Lk, Lk
=+l Fwy = s < — - = 0,

a contradiction of (A.38). This proves (A.36).
Now it follows from (A.29) and (A.36) that

L —

~ 1 ; 0418* ]{ft
ke < — st —1t <= t=0,1,...,T.
! L; t71a3+a15f 5

By the structure of the problem (A.21),

1

o
Il Mh
_
V2]
~ .
| %
—_
o)
_
)
oy
|
5
%
~
Il
=
=
~

Therefore, using (A.7), for all t = 0,1,...,7T, we obtain

L
— k* _3_ — k* t t 1.
gtl +O‘15t +1+Tf L
]
Claim A.7. Forallt=0,1,...,T and for all j =1,2,...,L,
" > (1= 61) (L +77)sl ) +wp). (A.39)

Proof. Let us prove (A.39) for t = 0. It is clear that there is 0 < 7 < T such that s, > 0
for all t < 7 and s, = 0. If 7 = 0, then it is sufficient to note that

@ = (L+rg)s”y +wg = (L= 5) (1 +75)sTy + wp).-
If 7 > 0, then, by (A.33),
4" =80 +ma . S =B (L)
and, by (A.32),

. 1

A ——d .+ o
Ol (L+rf)(L+rp) 7
; 1
=(1+4r))s’ | +wj + ——wj +...+ wr.
(Lt re)smy +wf + CE R
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Therefore,

1

B SR S = A
I (1+7"T)---(1+7“;*-) ’
:(1+7’*)sj*+w*+;w*+...+ L > (14 78)s™ +w
which proves (A.39) for ¢ = 0. To prove it for ¢ > 0 it is sufficient to repeat the argument.
]
Claim A.8.
ki > aoaBr(l—B)>f(kf,ef, Ay, t=0,1,....,T —1. (A.40)
Proof. Note that
Q3 1-— (Ozl + Oég)(l — ﬂl) 1
— = = ) A4l
a1+a2+é oy + o+ 1—61 1—B1 ( )

Due to (A.32), (A.31), (A.5), (A.24), and (A.41), we get for t =0,1,...,7 — 1,

R*— *\ 7.% * o * %k
= (q;k = + (1 + 7))k, +wt) = (€—f+a1—l—a2) f(k;,er, Ay)
t

f(k;ez{’At)

a * *
§<?3+041+042)f(kt,6t,/1t): 1_51 R

or

1

[kt er, Ay > (1= 51 (A.42)

Mh

]=1

By (A.39), (A.31), (A.5), (A.6), and (A.24), we get

*

L R
%Zc{)*z(l— <1+r0 Zs 1+w0): 51)<q§ L_1+(1+r§)k‘3+w3):
(1-5) (—

0

T o +a2) Pk 5, Ao) > (1= Bu)F (k2 b, Ao),

and therefore, taking into account (A.42) and (A.33),

L
Z —i—rl

" > Br(L = B1)* (L + 1) f (kg 5. Ao).

Fh i A) 2 (L= B 7 e > (1 - 6)

J=1

t~ |

1
L 4

Mh

> (1= 51)Br(l +r7)

1

.
Il
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Repeating the argument, we obtain for t =0,1,..., 7 — 1,

Flkioy eipn, Avpn) > Bo(l = Bu)*(1+ i) f(k] €f, Ar). (A.43)
It follows from (A.6) and (A.43) that

(1+ T:Jrl)kt*Jrl
g

and hence (A.40) holds. O
Claim A.9. Fort=20,1,...,T —1,

* % I-as * %
(6(5t>Rt—1)) - 6(€t+17 Ry)

= f(k:+17 6:+17 At+1) > BL(l - 51)2(1 + Tfﬂ)f(kf, 6:7 At)a

" = ” s (A44)
Ay (kp) ki
or, equivalently,
1 _ 1+ T<k‘z<+17 e;‘,k+17 At+1) (A 45>

Q(k;fk’ e;fka At) N q(k:—l-lv €:+1a At+1)

Proof. Using (A.7) and the definition of ¢}, it is easily seen that (A.44) is equivalent to
(A.45).
Suppose that for some t =0,1,...,7 — 1 equality (A.44) does not hold. Then either

* * 1-a * *
(6(5t>Rt—1>) ’ S a1€(5t+1vRt)
Ay(kf) kiiq ’

(A.46)

or

* * 1-a * *
(6(€t>Rt—1>) ’ < ale(gt—i-lv Rt)
Ay (k) ki

Consider the first case. It follows from the structure of the problem (A.23) that

as(1—B1)
L — (a1 +ag)(1—51)

(A.47)

*

8t:§:

L
%Z(c{*—i—s (141~ Zs Awi, t=0,1,...,T—1,

and, using (A.37) and (A.34), we get for t =0,1,...,7 — 1,

1 - jok * Y G B "
E;CZ + k=g I _1—|—rj+1 7 L (4 rH)E A+ w)
= (L + e+ o %Rj (A.48)
= flbvein ) + (o -

Using (A.45), it is easily seen that (A.46) is equivalent to

*
411

Ul S S *
L+rr, ™
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and thus from (A.48) we get
1t
Fkr et A > Z;ZICZ . t=01,....T—1. (A.49)

By (A.49), (A.39), (A.31), (A.5), (A.6), and (A.41), we get

1< 1<
fUef A > 2> = (1= ) <<1 +17)7 D5 +w:>

j=1 j=1

L €t
= (1= 81) (2 o+ ) FOk7 e ) = (1= ) = (k7 ) = (8, A,

=(1-7p) (quIl + (1+r;")kf+wf) =(1-7p1) (a—f+a1 +a2) f(k;,er, Ay)

a contradiction.
Consider the second case. It follows from the structure of the problem (A.23) that
ef = &. By (A.24),

1 €41
L+ Br(1—B1)? = efpq + Bu(l = Br)?

*_7_
g =E&=

or
el —ef) < Bl — B)%;.
By (A.34) and the definition of e},
et < Br(l = Bi)%e;.

At the same time, it follows from (A.47) that

* *
€111 kt+1

Gf alf(k:;aeraAt)‘

Hence, by (A.40),
eip1 > Br(l = pr)%e;,

a contradiction.
Thus equality (A.44) holds for all t =0,1,...,7 — 1. ]

Claims A.3 and A.4 show that condition 1 of Definition A.2 holds. Due to the choice
of ef, ry, ¢; and w;f, conditions 2-4 of Definition A.2 are satisfied. Claims A.9, A.5 and
A.6 show that conditions 5, 6 and 7 of Definition A.2 are valid. Thus the proof of Lemma
A.1 is complete. O

Step II. Competitive equilibrium in the infinite horizon model.

Step II.1. A candidate equilibrium path.
Let forT'=1.,2,...,

Er = (" (D)jers (T (D) for, ki (T), 17 (T), i (T), 4 (1), e (T), Ry (T} gy
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be a finite T-period equilibrium path. Let us apply the following procedure to the sequence
€ r=12.....

At the first step of the process we take a cluster point of the sequence

{(C(])* (T))]Lzlv (8% ( ))] 1 k*( ) (T)7 U)S(T)7 qg (T)7 GS(T), RS(T)}T:LQ,.,_ y
denote it as ‘
{(Cé*)]L:l, (50 )g 1> ko, o, W, 4o €0, R*}
and extract a subsequence {7p,}7>, from {T}7r_1 o . such that

geee

{(Cj (Ton))] 1 (30 (Ton))g 1> ko (Ton ) 76 (Ton ) wo (Ton), 4o (Ton ), €6(Ton), RO(TOn)} -1
converges to {(C%*)]L:b (SO )] 1 kOa rOa wOa qu 607 RO}
At the second step we take a cluster point of the sequence

{(Cj (TO"))] 1 (31 (TOH))] 1 K1 (Ton), 71 (Ton ) wi (Ton), 41 (Ton), €1(Ton), RT(TOn)}Zozl )
denote it as .
{(Ci*)f:p(% )j 17191"7“17@”1:91:6171?*}
and extract a subsequence {7}, }52, from the sequence {Tp, }°,; such that Tj; > 1 and

{( " ()i (1 (D) frs K (L) 75 (L) w0 (i) 6 (Tan)s € (Thn), B (Tha) }

converges to {(¢]")k,, (s)* )k} ri,wi,gf e, R} This procedure continues ad infini-

tum.
As a result, we obtain an infinite sequence

* %\ L %\ L * % * % % *
& = {(CZ )j:la (st )j:lv ki, wy, g, e, Ry }t=0,1,...' (A.50)
This sequence is a natural candidate to be a competitive equilibrium in our model.

Step I1.2. Bounds of the T-period equilibrium capital sequence.

It follows from Lemma A.1 that in any 7T-period finite equilibrium &f = 15* L satisfies
t—1

(A.24), and e} satisfies (A.35). Moreover, by condition 6 of Definition A.2,

* * * * *
€ty1 el L - 5t+1(1 —&;)

* * % * )
€; L R, €7

and hence, for t =0,1,...,

E(1—¢) _ e _ E(1—2¢)

€ ey €

(A.51)

We also know that k;, is bounded from below by ky. However, we need to establish a
more precise lower bound of the capital sequence in a T-period finite equilibrium.
Let the value 1 + 7’ be such that

Br(1+7) > 2(1+g), (A.52)
and k" be given by
oy Ag(80) (Kt =147/, (A.53)
Let further the sequence {k;} be given by
ki = (1+ 9)ky, (A.54)

where

0 < ki < min{ko, k'}.

39



Claim A.10. For all t,

f(klé-i-l? e:—f—la At-i-l)
1+9) < —
( _) f(kt7et7At)

Proof. By (A.54), (A.9), (A.51), (A.11), and (A.12),

<(1+39). (A.55)

f(k£+17 €:+17 AtJrl) _ (ngrl)al At+1 (6:+1)a3
f(k1/f7 €I> At) (kllf)al At (ef)a?’

> (149)" (14 ) (5(18__ 9)

> > (1+9)" (149" > (1+9)
Analogously, using (A.54), (A.9), (A.51), (A.10), and (A.12), we have

f(k£+17 €it1s Aii1) _ (k’2+1)a1 A (efﬂ)a?’

fkier, Ay (k)™ A ()
[¢31 5(1 - é) o —\ a1 —\1—a1 P
< (149" 1+N = <149 (1+g) " =(1+9).
]
Claim A.11. Forallt=0,1,...,T,
14 r(k;,ef, Ay) > 147" (A.56)
Proof. 1t follows from (A.6), (A.54), and (A.55) that
k, er, A ki, er i, A
Ut r( e, Ag = g LB A) ) T Bet) gy ay)
ki ki
Repeating the argument, and using (A.35) along with (A.53), we get
1+ T(k;, 6:, At) >1+ T(ké, 68, At) 2 1+ T(ké, éo, Ao)
>1+ ’f‘(k’/, €0, Ao) = a1A0<éo)a3(kf,)al_1 =1+ r.
O
Let
w1/5+1:(1+£)w1/€7 t:O)17"'7
where
w{) = CYQAQ(ké)al (éo)a3 > 0.
Claim A.12. In any finite T-period competitive equilibrium
() (S0 kil g e Ry, e
fort <T —1,
ki >k, >0, (A.57)
and

w; > w; > 0.
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Proof. First let us prove (A.57). Assume the converse. Then there is 7 > 0 such that
kx> k., and kX, <k, . It follows from (A.4), (A.35), and (A.56), that for all j,

Cﬁu > 53(1 + 7“T+1)C]* > Br(1+ 7"T+1)C; Br(1+ T(k’;rp €:+1> Ar+1))01*
> Br(L+ (kg €500, Arn))el > Br(l+17)c)"
By (A.52), .
&> 21+ g (A58)

Adding together the budget constraints of all agents at time ¢ in (A.3), and using
conditions 57 of Definition A.2, we get

b{ |

L
Z k=) rwp = f(kf el A), t=0,1,...,T. (A.59)
Applying (A.59) for t =7+ 1 and t = 7, and using (A.58), we have
1~
Sk, erin, Arr) — kppp = i3 Z Cri1

L
DN 9) (ke e, A — ko)

Jj=1

b«IH

Hence, by the choice of 7 and (A.35),

k*+2 < 2(1 +g)k7+1 + f( T+1» 7-+17AT+1) - 2( )f(k;eT?A ) (AGO)
S (1 +g) (2k;—+1 f(k?;,e_,_,A )) + f(k;Jrlv 7—+17AT+1) (1 + g)f(k‘,rJeTJA )

It follows from (A.55) that
f(k’,r—l—l’ T+17AT+1) < (1 + g)f(k;w 67’7 A ) (A61)
Moreover, using (A.56) and (A.52), we get

fU e A Lkr(b,en A) _ 1+7 _ 2(1+9)

2(1+g
k7 Qg 051 a1 ~ ( * g),
and hence, by (A.54) and (A.12), we get
2k 1 =2(1+ g)k; < 2(1+ )k, < f(K. €7, Ar). (A.62)

Combining (A.61) and (A.62), we have

(1 +g) (Qk;- f(k;,eT,A )) + f(k"'/r—i-la eikr+17AT+1) ( )f(k/T’ €T,A ) <0.

Now it follows from (A.60) that k},, < 0, which is impossible. Hence 742 > T, and
therefore the inequality (A.57) holds for ¢ < T — 1.

41



Using (A.57), (A.35), (A.54), (A.9), (A.51), (A.11) and (A.12), we obtain for all
t=0,1,....T—1,

wi = apAy(k7) (€))% > apA(ky)™ (€)™

Y31 6* “ *\ Q3
—aall+ ) A1+ 9 () (£ ()

-
0

> (1 +g)ta1(1 _|_ )\)t <<§(1€_ 5)) e OZQA[)(k'é))al(éO)aB)

> (1+4¢)" ™ (14 9)" Vg > (1+ g)'wp = wy.

Step 11.3. Existence of an equilibrium.
Now we are ready to prove the following lemma which maintains that the sequence £2,
defined by (A.50) is a competitive equilibrium under given extraction rates in our model.

Lemma A.2. The sequence E defined by (A.50) is a competitive equilibrium starting
from Z,.

Proof. 1t is clear that by construction & satisfies conditions 2-7 in Definition A.1.
Thus to prove that £ is a competitive equilibrium it is sufficient to show that

{(cg*)le,(s{f)le}f‘io is a solution to the problem (A.1) at r, = 7/, w; = wy, and
Let ¢} be such that
!/
4:%& t=0,1,.... (A.63)

It is clear that
C:erl = (1 +Q>C:ﬁ

and hence

= , Ing - . Inq I5;
gyamq_l_%+4m1+@;;w._1_%+<L_m2mﬂ+gy

Consider the instantaneous utility function

u(c) =Inc—Ind,.

Clearly, the solution to the problem (A.1) will not change if we replace the instantaneous
utility function In ¢ with the function u(c). It is also clear that w;(c},) = 0.
Note that for all ¢,

Cr > Lf(ks, & Ar) > Lf (kg €, Ar) > ¢,

and hence u;(¢;) > 0. Moreover, it follows from (A.17) that

— ~ Ing B _ Inc B
;%BW@O_1—5+X1—Bﬁmﬂ+g»_1—%+(L—m2mu+3)

1 Z 3 1+g
-0 (3) e ()
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Now assume that {(q{ﬂfz17 (s{*)le}fio is not a solution to the problem (A.1). Then
for some j (we fix this j and omit it in the remaining part of the proof for the simplicity
of notation) there is a feasible sequence {¢, s;:}$°, such that

U > U*, where U = Z/Btut(a), and U* = Zﬁtut(c’;).
=0 t=0
Let 0 < A < U — U*, and let © be such that
> A
Z B'uy(¢;) < min {571n2} :
t=6+1
Further, let
o R G
U© =3 pu(c), U°=) pu@),
t=0 t=0
and
T o
U(T) =Y Bu(c(T)), UCT) =Y Bu((T)),
=0 =0

forT=04+1,0+2,....
Claim A.13. There is a sequence {To,}22, such that

U9 (Te,) — U*®.
n— oo

Proof. 1t is sufficient to note that since £Z is obtained as a result of the application of the
process described at Step II.1 to the sequence {&€}}r—12, ., there is a sequence {Te,}72,
such that for t =0,1,...,0:

lim &k} (Ten) = ki, lim 7} (Te,) =1y, lim w;(Te,) = wy,
n—00 n—00 n—o0
lim ¢ (Ten) =g/, lim e;(Ton) = ¢;,  lim Ry(Ton) = Ry,

lim ¢;(Te,) = ¢, 7}1—{20 s;(Ton) = s;.

n—oo
O

Let us formulate a claim that will be useful in what follows.
Statement 1. Suppose that F,.(x,y), r =1,..., R, are continuous and concave iny func-

tions defined on X XY, where X andY are convex compact subsets of finite dimensional
spaces. If there exists § € Y such that F.(x,y) >0 for allx € X, r=1,..., R, then the
correspondence

R
T — ﬂ{yEY | Fr(z,y) > 0}

r=1

1s upper and lower semi-continuous, and all sets

(WyeY | F(zy) >0}

r=1

are non-empty, convex and closed.
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Proof. 1t is trivial. [

Let W*© be the maximum value of utility in the problem

o
max Z Brug(cy),

st a+s < (1+7“t)st 1+ wy,
§,>0, t=0,1,...,0,

and W*®(T') be the maximum value of utility in the problem

maxz Iok u(cy),

s. t. ¢ +s < (1+Tt(T>>3t71+w:<T)7
s, >0, t=0,1,...,0,

(A.64)

forT=04+1,0+2,....

Claim A.14.
W (Te,) — W*°.

n—o0

Proof. Consider the correspondence that takes to each
{(1 + 79, wo), . - (1+T®7w®)}

€ H ( +7r kt,et,At) 1 + T(];'t,ét,At)] X [U](l%t,ét,At),U)(fft,ét,At)]>

the set
{(CO7 30)7 ceey (C@, 8@} c RQ(G-H)

which is such that, with s_; = §_; being given,
e+ 5 < (L+7(T)) si—1 +w;(T), and s, > 0,

hold for all t =0,1,...,0.
By Statement 1, this correspondence is lower- and upper-semicontinuous, and it is
sufficient to apply the Maximum Theorem. O

Claim A.15.
U*(T) > W*O(T).

Proof. Let for some T" > © + 1, the sequence {(¢, %), .., (¢o,50)} be a solution to
(A.64). Let further for t =0+ 1,..., 7T, {(¢, 5;)} be defined recursively by

ét = C;, gt = (1 + T:(T)) ‘§t—1 + w:(T) — ét' (A65)
We show that given s_; = 5_;, the sequence

{(¢0, %0), ..., (Co,30), (Cot1,50+41)s-- -, (¢r,57)} (A.66)
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is feasible for the problem

max Y, Bu(cr),
s.t. a+se <A +7r(T))si—1 +wi(T), (A.67)
s >0, t=0,1,...,T

It is sufficient to check that s; > 0 fort =0+ 1,...,T. By Claim A.12, we have for
0+1<t<T -1,

4 /

w
G =c=—<w(T).

/
1
2
We prove that s, >0 fort =0+ 1,...,T — 1 recursively. Clearly, sg = 0. Suppose that
$4_1>0for©+1<t<T—2. Then
§=14r(T)) 81 +w(T)—¢ >w(T)—¢ >0.
In particular, sp_5 > 0. For t =T — 1 we have
71 = (1+r7_4(T)) $r—2 +wp_y(T) — éra
> wp_(T) = ¢y > 20 — ¢y = p_y.
For t = T we know from Claim A.12 that either
wip(T) > cr,

or
T4+ry>1+7"

In the first case, we can apply the same reasoning as before:
Sp=(1+4rp(T)) 571 +wi(T) — ér > win(T) — ¢ > 0.
In the second case, using (A.52) and (A.12), we have
=1 +7(T)) 871 +wip(T) —¢r > 1+ —

ﬁL( +9)p —cr > (1 +g)cp —cp > (1+ g)er_y —cp =0.

Thus we have proved that the sequence (A.66) is feasible for the problem (A.67). Since

the sequence
{(co(T), 55(T)), ..., (er(T), s7(T)) }

is the solution to this problem, we have

T e e
Us(T) = Z u(c; (1)) > Z Z Brug(c;) = Zﬁtut(é) = W*(T).
t=0 t=0 t=0+1 t=0
0
Let us prove another useful claim.
Claim A.16. For allt =0,1,...,T,
K (T) < R(Ae} (T))™) 7. (A.68)
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Proof. 1t is sufficient to show that
ki <R, t=01,...T, (A.69)

where

K@
(Al (1)) T

By (A.13), (A.11), and (A.35),

~

1 k’o I%O

L+ (Agdo))™a  (Ag(e§(T)es) s

which proves (A.69) for ¢ = 0. We prove it for t = 1,...,7T recursively. Suppose that
k; < k. If follows from (A.59) that for all ¢,

(1) < F (D). €T), A) = (kD)™ ((Adep(r)=)=)

and hence, due to (A.9), (A.51), and (A.11),

1
o > FT) L (el (1))
(Ag(e;(T7))s) 1=en (Ai(e7 (T7))s ) =en
: (M7 _ o (E1 -2\ .
= Rit1 ((1 +A) (%) ) > Ky (T4 A) e < z > (1+g)kiiq-
Therefore, by (A.13),
L
< < =
R S 7 7 5117 5
Thus (A.69) holds for all t =0,1,...,T. ]
Denote 1
1 + r = a7 (R)l—al
By (A.13) and the choice of 1+ g,
Bu(1+7) = o P = ) = A
L(1+7) =fron~——=fraa(1+9) = (1 +9g), (A.70)
and hence, by (A.68), for all t =0,1,...,T, we have
A(e; (T))™ A(e; (T))™ 1 .
1+7(T) =« Vs 2 = 1 — =1+7 A7l
R T L O LV M P D R O A
Claim A.17.
U >U-©,
Proof. Let us prove that for any T'> O + 1,
co(T) > cp. (A.72)



Assume that ¢§(7T) < c¢g. We show that this inequality implies ¢ (7)) < ¢, for all
t < 0. Indeed, if ¢f(T) < ¢, for some t < O, then it follows from (A.4), (A.71) and (A.70)
that

G (T) = Bi(L+r{(T))c; 1 (T) = B +7)c; 1 (T) = (1 + g)ei 1 (T), (A.73)

and thus

Hence o .
S Bu(ei(T) =Y B (Ine(T) — Inc)) < 0.
t=0 t=0

At the same time, by the choice of O, we have

> Bule(T) < > Bule) < D Bu(e) < 2.

t=0+1 t=06+1 t=0+1

Therefore . o
Zﬁtut(c:(T)) = Z u(c; (T Z Bru(c(T)) < In2. (A.74)
=0 t=0 t=6+1
Consider the sequence
{<507 50)7 RIS (5T7 §T)}7 (A75)
defined as follows: for t < ©
ét = U):(T), §t = 0,
and for t =©+1,...,T, {(¢,S;)} is given by (A.65). It follows from Claim A.12 that for
t <0,
¢ =w; (T) > w, > . (A.76)
Repeating the argument from the proof of Claim A.15, we obtain that the sequence
(A.75) is feasible for the problem (A.67). At the same time, the sequence

{(co(T); 55(T)); - - (er(T), s7(T)) }

is the solution to this problem. Hence, using (A.76), we get

T (C]
> Bu(ci(T) 2> Brug(er) = Bluy(w; (T Z B'uy(c)
t=0

t=6+1
o
= uo(wy(T)) + Zﬁtut(ét) > ug(wy(T)) = Inwi(T) —Inc)

w/
>Inw, —Incy=1In <—,O> =1In2,
o
a contradiction of (A.74).
Thus (A.72) holds, and using the fact that c§ is a limit of the sequence {cg(Ton)}22,
we have
o > Co-
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It immediately follows from (A.73) that for all © +1 <t < T,
i (T) > .
Since every c¢; is a cluster point of the sequence {c;(T")}r—12, ., we get
G>d, t=0+1,0+2,....

It follows that

—U*® = Z Bruy(ch) Z B (Inc; —1Inc,) >0,

t=0+1 t=6+1

which completes the proof. O
Claim A.18.

U(T) > U*(T)—%, T=0+1,0+2,...; (A.77)

W*e > U — %. (A.78)

Proof. Clearly, ¢; > ¢;(T) and ¢ > ¢ for all t. It follows from the choice of © that

T

S
U~ U = 3 Bl (T) =3 Bl (M) = S Bl (T

t=0 t=0+1

T o) A
<Y Ful@) < Yy flul@) <3,

t=0+1 t=0+1

which proves (A.77).
Due to the definition of W*®, we have W*® > U®. Now it is easily seen that

~ o ~ A
W > ° = Zﬁtutct U-— ZﬂutthU Z >U-3,
t=0+1 t=0+
which proves (A.78). O
Now, combining Claims A.13-A.15 and A.17-A.18, we obtain
* *O . *© . * A
U*>U" = lim U™ (Te,) > lim U*(Te,) — =
n—00 n—00 2
A A~
> lim W*°(Te,) — = =W*° — = > U - A,

which contradicts the choice of A. This contradiction completes the proof of the lemma.

]

Thus the proof of Theorem A.1 is finally complete, and there exists a competitive
equilibrium. [
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Let us prove two important results about a competitive equilibrium. The following
proposition states that if at the initial instant the stocks of physical capital and natural
resources are owned by the most patient agents, then the competitive equilibrium starting
from this state is unique.

Proposition A.1. Suppose that the initial state Iy is such that
k=0, R,=0 (j¢J)
Then there exists a unique competitive equilibrium starting from Iy,
= { ] 1a ] 1ak;‘kvT:awraq:76:7Rr}t:07lw.7
which is given fort =0,1,... by
a = =) +)sity+wy, s =B0 st (€ ),
o =w;, s =0 (j¢J)
ki = BiL+r)k, 1] = ar Ak 7 (€)™,
wy = ax Ak (€)™, = azAi(k])™ (ef)™

* * * 1— ﬁl
Ry = BiRy_4, €y = I 1
where R* | = Zle Rk =T ZL i, and s7 = qurOr R+ k.

The following proposition verifies that in every competitive equilibrium from some
time onward only the most patient agents can make positive savings. From this time
relatively less patient agents make no savings, and the extraction rate is constant over
time and equals 1 — f3;.

Proposition A.2. Suppose that

* *
—{ ] 1 ( ] 17ktirt7wt7qt7et7R }t:O,l,...

is a competitive equilibrium starting from an arbitrary initial state Iy. Then there exists
a point in time T such that for all t > T,

j*=0 (G &),
51Rt 1
61t+1:516t-

Proof of Propositions A.1 and A.2.
Consider a competitive equilibrium

_{ ] 17 ] 17kt7Ttthaqtaet7R }t 0,1,...

]

starting from a non-degenerate state Zo = {(l{;])J 1 (R7))5,}. Since foreach j = 1,..., L,
the sequence {c!*, s]*}2°, is a solution to problem (A.1), it satisfies the first-order condi-

tions,

7> B0+ (= ifsf>0), t=0,1,..., (A.79)
and the transversality condition,
b5l
. J o
tlggo ke 0. (A.80)



Lemma A.3. Let > 0 be such that for some T
ki > B(L+r))kf = PaitAy(k])* (ef)*, t>T.
If B; < B, then s7* =0 for all sufficiently large t.

Proof. First let us show that if 5; < 3, then sg* =0 for some t > T.
Assume the converse. By (A.79), for all t > T,

C'Zil =31+ TZ‘H)C‘Z*,
and hence , y .
a < Bi(L+rf)a, < @Cg—l
fh — BQA+rE T Bk
By assumption, 3;/8 < 1, and thus * ke o 0. Furthermore, it is clear that
—00

v < Ay(kf)(ep)*®, and therefore

t
wi o Ay(kp)(ef)s T askiyy oo

\

Thus for all sufficiently large ¢, ¢/* < w;}, which is not optimal for agent j.

Now we know that s7* = 0 at least for some ¢. Let us show that s7* = 0 for all t > T.

Indeed, assume the converse. Then there are only two possibilities. The first is that
there exists 7" > T such that sg* > 0 for all t > T’. However, applying the same argument
as above, we obtain that sg* = 0 for some ¢t > T".

The second possibility is that there are ¢; and t, such that T'<t; <ty — 1, and

Sif = 07 Sg: = 07 Sg* > 0, tl < t < tg.

It follows from the budget constraints of agent j that

el < Wy, cl, > wy,. (A.81)
However, for t > T,

*
a1 Wiy

(651
— =k, > B +r)k = —pw;.
a1 +rp, 1 > B( Dk 0426 t

Thus wy,; > B(1 4 r;;)w;. Using (A.79), we get

t;k+2 = /BJ(]‘ + T:1+2)CIZ:(+1 < ﬁ](]‘ + 7":1+2)w:1+1 < ﬁ(]‘ + r;k1+2>w;k1+l < w;:-i—?'
Repeating this argument, we obtain

i <wp, b <t<ty,

which implies ¢/, < wy,, a contradiction of (A.81). O

Lemma A .4.
ki < Bi(L+r))kf, t=0,1,....
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Proof. Assume the converse. Then there are T and ¢ > 1 such that

ki1 > C(L+r7)kr. (A.82)
Let us show that (A.82) implies
ki 2 CH(+r)kf, t=>T. (A.83)

Denote

J(T)={je{l,2,....L} | s >0},
and recall that

631 65)] Qg . '
We have
Z (T +5741) T
jeJ(T) T+2
* j ok * q;UrQ *
= 1 J - It2
Z (( + T741)ST +wT+1) 1+ 75y T+1

J€J(T)
= qr 1 By + (L+ 7)) Lh gy + | J(T) | wigy — ¢ Ry
= q}+1L6§“+1 + (1 + 7‘;“-1-1)[/]{;“4—1 + |J(T)|w;+1

(Lt ) (L+L Iy >|a—1)

> B+ (1 + 5K (L + L + |J(T )|a_1)

= (B (1+ 7“;“+1) (L(L +rg)kr + LQTGT + [J(T)|wr)

L
=L +rpy) | (L+77) (Z ST_1 — 1 +T R 1) + Lgrer + Z wy

j=1 jeJ(T)

> Bl +7rp) | L +77) Z ST 1T Z wyp — qrRy_y + Laper

F€J(T) JeJ(T)

= (A1 +r7p) Z (cr +S]T)_LRT ’

jed (D) L+

or, finally,

j % jk q;"’—f—Q *
Z (CJTH + 3]T+1) T Rpiq
jeJ(T) T+2

> CB(l+rp) | D (F+s)) - —F Ry
JeJ(T)

For j € J(T), (A.79) holds with equality, so
Z Gy = Z Bi(1+ 7))

JeI(T) JeI(T) A (A.86)
< Bl +7r7y) Z cr < Bl +77) Z -

jeJ(T) Jje€J(T)

(A.85)
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Now (A.85) is consistent with (A.86) only if
> sh— To :*2 Ryy > CBi(L+rpy) | Y i — H—;}RT
JEJ(T) T+2 jeJ(T) T+1

Therefore,

QT+2 *
LkT+2 E :8T+1 1+ 2RT+1
+

- q;‘v 2 « * jk q% 1 *
> D - 1+—:*RT+1 > Bl i) | D o7 - 1+ :* i
, T+2 JEIT) T+1

L

q * * *

= (Bi(1+17yq) (Z 1 +T+1 > = (B (1 + 1740 ) LET ;-
— Tr41

Repeating the argument, we infer that (A.83) holds for all t > T..
However, from Lemma A.3 it follows that s/* = 0 for all j and for all sufficiently large
t. This contradicts the evident positivity of k; for all t =0,1,.. .. ]

Lemma A.5.

wy g < B+ Dwf, t=0,1,...,
6:+1§616:a tZO,l,

Proof. Both inequalities follow from (A.84) and Lemma A.4. Indeed, for all ¢

Wi (1 +T2k+1) t+1 31042( + ki _ By
Moreover, for all ¢
€111 _ g (L+ri)kin _ (I+ri)a ki < B
ey G (L+r)k; Qi1 (L+rky =
since ¢/, = (1 +1,,)q; by the Hotelling rule. O

Lemma A.6. ' '
Siil zﬁl(l_'_r:—i—l)sg* (] € '])a t:_laoa

Proof. Consider j € J. Then by (A.79),

L™ < t . t=1,2,...,
R T S

and hence

i &'

(1 T+ <q
AT S s T T

(A.87)
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Adding together all budget constraints of agent j, we obtain
C(]) + - * + * 2 * +..
(L+77) (}+T1)(1+7’2)* (A.88)
w

< (1+rHs, +wt+ L4 2 +
( 0)s21 + W (1473 (T+rH)(1+73)

Moreover, by Lemma A.5 for t = 0,1, ...,

Wiy Prwy i1, %
< <...< Wy,
(Trp) (U trf) — (o) (L) = 770 0
which implies
- w w3
14 7r5)s" +wi + L4 2 + ...
( )5+ W (X473 (L) (1 +) (A.89)

<A +rd)s Fwi(1+ 6+ 81 +..).
Combining (A.87)-(A.89), we finally get
AU+ B+ 84 ) <A+ +wp(l+ i+ 52+ ..,
and therefore A A
A < (L)1 = B)s™ + wp,
Thus,
s = (L+r5)sy +wi — " > (L4 75)s7 +wg — (L4+75) (1= Bi)s™y —wi = Bu(1+75)s7.

This proves the desired inequality for ¢ = —1. To prove it for t = 0,1, .. ., it is sufficient
to repeat the argument. ]

Lemma A.7. For all 0 > 0 there exists a point in time T such that for allt > T,
Ko > A1 = 8)(1+1)kr.
Proof. From (A.79) and Lemma A.5 it is clear that for j € J

CZL > Bi(1 +7"Z‘+1)CZ* . C’Z*

= " s=—, t=0,1,....
wiy B+ wp wp ’
j * o0
This means that the sequence {i*} is non-decreasing. It is also bounded from
t ) =0

above, as consumption cannot exceed total output:

*

<L t=01,....
%)

. . o
CJ* o CJ* ’LU*
Therefore, the sequence {Ui* converges, so the sequence { & —2H converges
t Jt=0 t C
t=0
to 1.

t+1
It follows from Lemma A.6 that if s*, > 0, then s7* > 0 for all t > 0 and j € J. Thus,

R *
cf Wi Wiy -
— = 1 ” -, t=0,1,...,
wy Cg+1 Bi(1+ Tt+1)wt
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w* o0
and the sequence {%} converges to 1 as well.
Br(1+ry)w; t=0

Hence for all § > 0 there exists T" such that for ¢t > T,

Wity
> (1-9),
Bt riywp - L0

which implies
ki = —————>—A(l = d)w; = fi(1 = 0)(L+ri)ki.

]

Consider § that satisfies 51(1 — 0) > max;¢;8;. Applying Lemma A.3 with § =
B1(1—9), we obtain that for any competitive equilibrium starting from the non-degenerate
initial state there exists a point in time T such that for all t > T, s7* =0 (j ¢ J).

Lemma A.8. Forallt > T,

ki = Bi(1+ 1))k},
o =1 =p)A+r)sis +wy, st =p1+r)st, (€T,
o' =w, s=0 (j¢J).

Moreover,

* _ *
€11 — pre;,

R = JiR;_,.
Proof. First let us show that
lim R; = 0. (A.90)
t—o0
To prove this, note that for all j,
i

lim
e () (L)

Indeed, it follows from (A.88) that this limit exists. Since savings are non-negative, this

limit is also non-negative. Suppose that lim; (Hrl)sgw > 0. Then s7* > 0 for all ¢,
t
and thus by (A.79),

=8+ = =B (L) (L)
Hence . . »
Bist _ st 1 st
ar QA+ +rd A+ A+
It follows from (A.80) that lim; . s 0, which is a contradiction. Therefore,

()4

L VES

._1 S
D ST
PR ()
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Since Zle s/" = q'R; + Lk} 1, and both terms are non-negative, we get

. q Ry R,
1 = R =0.
P (L b 7)) - (L4 rp)  toeo 07

As g5 > 0, (A.90) indeed holds.
Now suppose that ¢t > T. By Lemma A.6,

i) (L + o m ) = ) ol
t

. o jet (A.91)
<N s =Lki, +-—"1 Ry
— Z t t+1 1 +r:+1 t
jeJ
At the same time, by Lemma A.4,
Ko < L4k, t=0,1,....
Therefore for t > T,
q;—l—l * * q:fk *
R > (5(1 ——R
].+T;/k+1 t—/Bl( +Tt>1+rz< t—1>
or, equivalently,
Rf > BiR;_. (A.92)

It follows from the natural balance of exhaustible resources and (A.90) that
Ry = Ry + Leryy = Rpyg + Lep oy + Lep g = ..

ex e aer
o T+2 T+3 €142
—L€T+1(1-‘r- 2y T +)
€ri1 Criofrig

Hence, using Lemma A.5, we conclude that

Ry <Ler,(1+B+p8i+..)= Le}Hl_;/Bl.
It follows that
(1 - 61) (R;“-H + Le*T_H) < Le;fm-b
or
R*TH < B (R*TH + Le*TH) = B Ry
Thus, using (A.92) we get
R*T+1 - ﬁlR;“'

Repeating the argument, we obtain that
R;fk = ﬁlR:—b t>1T.
Therefore, for all t > T, Le; = R} | — R} = (1 — 1) R;_,, and

€iy1 Ry
o TR, o th
t t—1

We have proved that eventually the extraction rate becomes constant over time and equal
tOEtzl—ﬁl <t>T)
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Since for ¢t > T

qt 1 * * % * %
1 ++t+1R Gl =i

it follows from (A.91) that
B +r))kf <k, t>T.
Using Lemma A.4, we obtain that
kipn =5 +r)ky, t>T,
and hence for t > T, s* = B1(1 +rF)si*, (j € J), while s =0 (5 ¢ J). O

Proposition A.2 is a corollary of Lemma A.8.
Proposition A.1 also easily follows from Lemma A.8. If the initial state Z, is such that
k=0, R.,=0 (j¢J),

then s’ , =0 (j ¢ J), and we can take T = —1. The sequences {r;}, {w;}, and {q}'} are
derived from the known sequences {k;} and {e;}, described in Lemma A.8. O

Thus, in every competitive equilibrium from some time onward only the most patient
agents make positive savings, and from this time resources are extracted at the constant
rate e* =1 — (.

A.2 Balanced-growth equilibrium
Definition A.3. A competitive equil@'brium

* * * * * *
—{ ] 1: t ] 17kt7Tt7wt7qt’6t7Rt}t:O,l,...

starting from a non-degenerate initial state Ly is called a balanced-growth equilibrium if
there exist an equilibrium rate of balanced growth ~v* and an equilibrium extraction rate *
such that fort=0,1,...,

CZil:(l—i_ry*)Cg*? St _(]'—i_ry )St 1> jzl,...,L, (A93)
k:—i—l = (1 + 7 )k:7 wt+1 = (1 + ")/*)U):, (A94)
1+r;=1+71", Q1 = (1+r*)qt*, (A.95)
er=0—¢cYe;, Ri=(1-¢)R,. (A.96)

The following proposition proves the existence of a balanced-growth equilibrium, and
provides its characterization. In particular, it maintains that in every balanced-growth
equilibrium less patient agents make no savings.

Proposition A.3. A balanced-gmwth equilitbrium
= { ] la t ] 1akZ7TZ<7w:7qz(76:7Rz<}t:0717m
starting from a non-degenerate initial state Ty = {(k:])j 11 (Ril)le} exists if and only if

=0 R,=0 (j¢J), (A.97)

a1+a3 1

I a;—1 s
L 1B e
a1 A (E ; ké) ( Z R ) (L4 N)=a g (A.98)

and (A.93)-(A.96) hold.
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Proof. Necessity. Suppose that there exists a balanced-growth equilibrium

* *
_{ ] 17 t ] lﬂkt7rt7wt7qt76t7R }t:O,l,...

starting from a non-degenerate state Zy. It is a competitive equilibrium which satisfies
(A.93)-(A.96) for some 7*, * and v*.

Repeating a well-known argument by Becker (1980, 2006), we infer that every
balanced-growth equilibrium is characterized by the following properties:

sE=0 (j¢J), t=0,1,..., (A.99)
L+9"=61(1+7r"). (A.100)

Moreover, comparing the definitions of competitive and balanced-growth equilibria,
we obtain that for every balanced-growth equilibrium the following relationships hold:

(T4+~4)""" = (14X (1 -, (A.101)
o149
Lrt = (A.102)

Indeed, (A.101) follows from the fact that
1 * k* a1—1 * a3
1= +7’t+1 _ At—i—l ( t+1> (et_—’tl) — (1 + )\) (1 +’Y*)a1_1 (1 o €*>a3 )

14 TZ{ At l{?z( €

We also have

* A L* ai * az—1
1+ 7”* — Qttl _ t+1 ( ttl) (ettl) _ (1 + >\) (1 + ’Y*>a1 (1 _ 6*)043—17
q; Ay ky

which is equivalent to (A.102).
Using (A.100)—(A.102), it is easily checked that

ajtaz—1

L4+ =(1+NTap . (A.103)

It follows from (A.99) that s'* = 0 for j ¢ J. Since Zy is non-degenerate, kj > 0 and

R’ , > 0 for all j, and thus (A.97) holds.?! Furthermore, a constant over time interest
rate is consistent with the definition of a competitive equilibrium if and only if

I a;—1 L s
* * *\ Q] — *\ 1 7.0 1 _51 DJ
L7 =1+715 = arAo(kg)™ ™ (e5)™ = an Ao (z;k6> ( L ;R%) |

Taking into account (A.103), we obtain (A.98).
Sufficiency. Suppose that the initial state Zy is such that (A.97)-(A.98) hold. Con-
sider the sequence

* * * * * * *
- { Cz]t ] 1: St )]:17kt7Tt7wt7qt76t7Rt}tzo,l,...

21Recall that a balanced-growth equilibrium is defined up to the distribution of physical capital and
natural resources in the structure of each agent’s savings. Individual holdings of capital and resources
are indeterminate in an equilibrium. However, since we assumed for convenience that the initial state is
non-degenerate, and initial savings of less patient agents must be zero, it follows that a balanced-growth
equilibrium can start only from the state where individual holdings of capital and resources of less patient
agents are zero.
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starting from Zy and determined by (A.93)—(A.96).
It is easily checked that this sequence is a competitive equilibrium which is described
in Proposition A.1, with the constant interest rate

1 L a1—1 1 B I as
1—‘—7"::1"‘7’8:061140(52]%{]) < 7 IZRJ1> .
i=1 j=1

Therefore, £* is a competitive equilibrium which satisfies (A.93)-(A.96), ie., a
balanced-growth equilibrium. ]

It follows that the interest rate r*, the equilibrium extraction rate €*, and the equilib-
rium rate of balanced growth v* are uniquely determined by the parameters of the model
and are the same for every balanced-growth equilibrium.

Proposition A.4. For every balanced-growth equilibrium,

149" = (14 N\ g1, (A.104)
L= 22 (A.105)

B
& =1- 6. (A.106)

Proof. 1t is sufficient to repeat the argument used in the proof of Proposition A.3. Com-
bining (A.100)-(A.102), we obtain (A.104)—(A.106). O

The following proposition maintains that every competitive equilibrium converges in
some sense to a balanced-growth equilibrium.

Proposition A.5. FEvery competitive equilibrium starting from an arbitrary non-
degenerate initial state satisfies the following asymptotic properties:

: . _ e
Jim 1 rf = 1 = (A.107)
. ki Wiy %
Jm o = fim e =1 (4.108)
J*
. StJrl _ * .
tliglo _s{* =1++" (je€J), (A.109)
lim —/—==1+4+~% j=1,...,L, (A.110)
t—00 CZ*
lim 2L g g, (A.111)
t—o00 gy

a3
@]

where 1 +~* = (1 + )\)ﬁﬁf_

Proof. Tt is sufficient to consider ¢t > T". It follows from Proposition A.2 that

Ltriy  Ava (ki a e\ ar1—1 a
= — (L4 X) (Bi(1+ 7)™ °

and thus
L7y = (L4 X) (B)™ T (14 rp)*
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[terating, we get

_ (1 + )\)1+a1+-..+a? (51)(a1+a3—1)(1+a1+...+a?) (1 + T;:)a’f'*'l

*
L4740 = ;

and
a1+a371

m 147/, =(1+ )‘)ﬁ@ o
n—o0

From Lemma A.8 we know that kzl = 51(1 + 7). Moreover, 1;;; = 22(1+77). Now

(A.108) is straightforward. It also follows from Lemma A.8 that t Bi(1 + rf) for

j € J, which proves (A.109).
Clearly, for j € J

c sty w)
2L —(1= 1 * _t
= (1—=751)(1+7)) = + B

and thus the sequence CZ* /kF converges to a positive constant as t — oco. For j ¢ J, we
have simply CZ* = wj. Thus consumption of all agents asymptotically grows at a constant
rate. This proves (A.110).

It remains to note that (A.111) follows from the Hotelling rule. O

B Appendix 2. Public property regime

B.1 Competitive equilibrium under given extraction rates

}%T_l}, where
(§i_1)f:1 are agents’ savings and R,_; is the stock of natural resources. We suppose that
7, 1 is a non-degenerate state, i.e.,

Suppose that the economy at time 7 is in the state Z,_; = {(éﬁ_l)jL:l,

~

L

. 1 )

¥ >0 j=1,...,L: Z§j§H>o; R, >0.
j=1

Suppose we are also given a sequence of extraction rates E, = {&;}°,. We call E,
non-degenerate if 0 < ¢; < 1 for all ¢ > 7, and

0 < liminfe; < limsupeg; < 1.
t—0o0 t—o00
In other words, the sequence of extraction rates is non-degenerate if there exists 6 > 0
such that for all ¢ > 7 the following property holds:

Suppose we are given a sequence of extraction rates [E, and the resource stock R, | =
R._1. Then the volume of extraction e; and the dynamics of the exhaustible resource
stock R; are recursively determined for ¢t > 7:

. el

et =e(Er) 7

Rt :Rt(ET) = (1_615)Rt—17 t:T,T+1,.... (B2)

We use this notation to emphasize that the sequence of extraction rates determines the
volume of extraction and the dynamics of the resource stock.
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Definition B.1. Let E, be a non-degenerate sequence of extraction rates. A sequence

)k ** kk k% kk )k kk
5 - { CJ J 1’( )J 1’kt T Wy 54 5 Yy t=7,7+1,...

is a competitive [, -equilibrium starting from L,y if

1. For each j = 1,...,L, the sequence {cI™, s Y2 is a solution to the following
utility mazimization problem:

max Z Bilnc

) . t=t
st a+sp<(I+m)si g tw+w, t=17+1...,
s]>0, t=7,7+1,...

_ kk _ k% _ )k _ "j .
at re =1, wy = wit, v =, and s, = §_;

2. Aggregate savings are equal to the capital stock:
Zsi**l =Lk, t=7,7+1,...;

3. Capital 1s paid its marginal product:

L+ = Ak e, t=7,7+1,...;

4. Labor is paid its marginal product:

wt = A (k) (er)™, t=T1,7+1,...;

5. The price of natural resources is equal to the marginal product:

q" = Ozg,At(k;f*)o‘l(et)”‘“”l7 t=7,7+1,...;

6. The resource income is given by:

kok ok
v, =q, e, t=T1,T+1,....

Here we do not suppose that the Hotelling rule holds. The Hotelling rule is an equi-
librium condition for the asset market. This is the reason why the Hotelling rule holds
in the private property regime, where the stock of natural resources is an asset in which
agents can invest. In the public property regime, the resource stock is not an asset, so
there is no particular reason for the Hotelling rule to hold. Under some circumstances the
rate of change of the resource price is not equal to the interest rate.

It is clear that if

*k JH* Kk Rk Rk kk Kk
(c; —{ ] 17(875 >] 17kt ,Tt y Wy 5 Gy 5 Uy t=0,1,...

is a competitive Eg-equilibrium starting from {(§’ )%, R_,}, then for each 7 = 1,2, ...,

=1
the sequence

k% sk [ Jkk % *k kk
87— - {(CZ )j:h(st )] 17kt 7Tt 7wt ' 4 7Ut t=7,7+1,...
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is a competitive E, -equilibrium starting from {( )]L 1, Rr—1(Ep)}. In other words, com-
petitive equilibria are time consistent.

The existence of a competitive equilibrium under given non-degenerate extraction rates
is established in the following theorem.??

Theorem B.1. For any non-degenerate state I, y there exists a competitive K, -
equiltbrium starting from I, 4.

The proof of Theorem B.1 is in many respects similar to the proof of Theorem A.1.
However, for the sake of completeness, we provide below a full proof for Theorem B.1.

Proof. Without loss of generality, let us consider the case 7 = 0 and prove the existence
of a competitive Eg-equilibrium starting from Z_; = {(§,)% ie R}

The proof is divided into two steps. First we show the existence of a competitive
equilibrium in the finite horizon model. We prove that for any 7" > 0 there exists a finite
T-period competitive equilibrium under given extraction rates. Second, we construct a
candidate for a competitive equilibrium in the infinite horizon model by applying some
kind of diagonalization procedure to the sequence of finite T-period equilibrium paths,
and then prove that this candidate is indeed a competitive equilibrium in the infinite
horizon model.

Step I. Competitive equilibrium under given extraction rates in the finite
horizon model.

Let us define a finite T-period competitive equilibrium under given extraction rates
along the lines of the above definition. Suppose that Z_; = {(5” 1)le,R_1} is a non-

degenerate initial state, Eg = {e;}:°, is a non-degenerate sequence of extraction rates,
and recall that e¢; = e;(Eg), t =0,1,...,T.

Definition B.2. A sequence

*ok ]** *k k% *ok
{(CZ )j 17(t )_] lﬂkt 7Tt 7wt ) 4t 7Ut t=0,1,...,

15 a finite T'-period competitive Eq-equilibrium starting from I 1 if

1. Foreachj=1,...,L, the sequence {c}**, s/**}_, is a solution to the following utility
mazxtmization problem:

T
maxZﬁjlncZ,

s. t. c’z+s{§(1+rt)s{_l+wt+vt, t=0,1,...,T,
si>0, t=0,1,...,T

(B.4)

at re =17, wy = wit, v =0, and s, = §4;
2. Aggregate savings are equal to the capital stock:

L
S s =Lk, t=0,1,...T;

j=1

22The proof of Theorem B.1 is based on the ideas presented in Becker et al. (2015). The existence of
equilibrium in the considered Ramsey-type model can be also proved along the lines of Becker et al.
(1991).
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3. Capital 1s paid its marginal product:

L+ = Ay (k) He)™, t=0,1,...,T;

4. Labor is paid its marginal product:

wyt = ag Ay (k) (e)*, t=0,1,...,T;

5. The price of natural resources is equal to the marginal product:

¢ = oA (k) (e)** ™, t=0,1,...,T;

6. The resource income is given by:

*k

vt =q"e, t=0,1,...,T.

Clearly, the solution to the problem (B.4), {¢/™*, s/ }L,, satisfies the following condi-
tions:

A s = (LS w4, t=0,1,...,T, (B.5)
AN > B+ (=if 7 >0), t=0,1,...,T—1, (B.6)
st =0,

where s/ = § .

The existence of a competitive equilibrium under given extraction rates in the finite
horizon model is shown via the following steps. First we present some preliminary defini-
tions and results that will be useful in what follows. Second, we reduce our finite horizon
model to a game, and show that there exists a Nash equilibrium in this game. Third,
we prove that a Nash equilibrium in the game that represents our model determines a
competitive equilibrium under given extraction rates in the finite horizon model.

Step 1.1. Preliminaries.
We use the notation

f(k,e, A) := Ak“1e®,
L+r(ke A) =y Ak* e,
w(k,e, A) == aa Ak e,
q(k,e, A) := az Ak e* 1
v(k,e, A) = ag Ak e,
for the output (production function), interest rate, wage rate, resource price and the

resource income as depending on the capital stock k, the volume of extraction e and total
factor productivity A. Clearly,

(14 r(k, e, )k + wk, e, A) +v(k, e, A) = f(k, e, A). (B.7)
Denote A
_hy
e=—1"



Claim B.1. For all t,
ed'tt < e <e, (B.8)

and

52 €1 < (1 — 5)2

< B.9
1-96 Ct 0 ( )
Proof. 1t follows from (B.2) that for all ¢t > 0,
Ry (1l —e1) Ry R_
€ = tLtl: d 21) tQZ‘--:Tlgt(l—c”t—ﬂ (1 —e&o)
It follows from (B.1) that for all ¢ > 0,
Et Z 5, 1-— Et Z 0. (BlO)
Hence
ey =ee(l—giq) - (1 —go) >edtt >0
It is also clear that
€t S é?
which proves (B.8).
Moreover, for all t,
Ctr1 _ eepr(l—e))(1—erq)- -+ (1 —eo) _ err1(l — &)
€¢ éé‘:t(l _Et—l)"'(l _50) Et ’
Using (B.10), we obtain (B.9). O
Denote s
1 1 — 82\ -1
teg=aen7 (B525)
where A is the growth rate of the total factor productivity:
A= 1+ NA 1 = (1+N)'Ap. (B.11)
Let also o
1 6% \ T Ap(de)es
1+ ¢ =min 1+ N)t-=> (—) Sl N
g {( ) s by
and
1+g=Braa(1+g).
It is clear that N
[ 82 \Tm
I1+g<(1+XNt= (1 5) , (B.12)
and
I+g>1+g>1+y. (B.13)
Suppose that £ > 0 is given by
(1+9)k = (R)™, (B.14)
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Let the sequence {k;} be given by
ki = (14 9)ky,
where B )
ko = R(Age™®) a1,

We show that ) B
R(Atef‘?’)m < kt. (B15)

It follows from (B.11), (B.9), and the choice of kq that

. a3 Tar
= W\Ta] — & t Et a3 !
R(Aef?)T=e1 = K ((1 + A) A (e_0> o )

< ((1 NN ((1 —55)2)% Aoea3> =

ta

1 (1 =62\ T - _
= r (o) (0T (U528 g =

Furthermore,

fkey e, Ap) < kg (B.16)
Indeed, by (B.15), (B.14) and (B.13),

Fkes e, Ap) = kppr = (k)™ Ageg® — (1 + g)ky
At6?3

k(A e9) b (e - +a)

Denote B
Et = th+1. (Bl?)

Clearly,
Gy = (14 g)c. (B.18)

Let the sequence {l%t}fio be defined recursively as follows. We take ko such that
0 < kg < kg. Suppose we are given k; > 0. Consider the following equation in k:

Ct+1 >
k+ — (s e, Ay,
Br(l + 7k, ery1, Ait1)) f ke e, A2)

The left-hand side of the above equation is increasing in k, and equals to 0 when £ = 0.
Thus there is a unique positive solution to this equation. We take k1 > 0 as this solution.
Clearly, the sequence {k;}°, satisfies the following equation:

~ C1 =
Fo + _ ~ Flhnen A, t=01,.... (B.19)
" Br(l 4+ r(ki1, €141, Aer1)) v

Step 1.2. A game.
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We reduce our finite horizon model to a game I' = (X, Gi)rer. To specify a game,
we need to describe a set of players, I, and for each player k € I, define the strategy set
X}, and the loss function

H X; = R.

Elements of [],., X; are called multistrategies. The equilibrium of the game I' is defined
as follows.

Definition. A multistrategy (:c*{, e ,a:?h) 15 called a Nash equilibrium of the game I" if
for each k € I, x} is a solution to

. * * * *
H;mGk (xl, e T 1y Thy Tpoy gy - - - ,xm) ,
k

s. t. z € Xj.

The sufficient conditions for the existence of a Nash equilibrium of this game are well-
known (see, e.g., Ichiishi, 2014): for each k € I the set X} is a convex and compact subset
of a finite dimensional space, and the function G (21, ..., %, ..., 2|y) is continuous in all
variables and quasi-convex in xy.

Let us specify the game I'r that represents our model. There are T+ (274 1)L players,
and

1. foreach j=1,...,L

?

(a) T players determine sl t=0,1,...,T — 1, by solving

mlns ( — Bi (1 + r(kit1, €141, At+1))CZ) (B.20)

s.t. O S S S th+1. .

(b) T + 1 players determine ¢, t=0,1,...,T, by solving

mcin |c - ((1 + r(ky, ey, At))sz_l + w(ky, e, Ay) + v(ke, €4, Ay) — si) " (B21)

s.t. 0<c<Lqy, .

where s/ | = § |, and sjf =0.
2. T players determine k;, t = 1,2,...,T, by solving
1 L

mln -7 Z s, (B.22)

j=1 '

Lemma. There exists a Nash equilibrium in the game U'r with T + (21 + 1)L players
having the strategy sets and loss functions described by (B.20)-(B.22).

Proof. All strategy sets are closed intervals, and for each player the loss function is con-
tinuous in all variables and quasi-convex in the player’s own strategy variable. Hence
the sufficient conditions for the existence of a Nash equilibrium in the game 'z are satis-
fied. O]
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Step 1.3. Nash equilibrium and competitive equilibrium.
The following lemma maintains that a Nash equilibrium of the game I'r determines a
finite T-period competitive Eg-equilibrium.

Lemma B.1. Let
{(C{**)j:l,...,L;t:O,l,...,T7 (5{**)j:l,...,L;t:O,l,...,T—l; (/ff*)t:m,...,:r}

be a Nash equilibrium of the game T'p. Let ki* = ko, and s = & |, s37 = 0 for all j.
Let also

L4+ =1+rk* e, 4), t=0,1,...,T,
wyt =w(k™ e, Ay), t=0,1,...,T,
g =q(k e, A), t=0,1,....T,
o = vk e A, t=0,1,....T.
Then
L™, ) R ™ a0 g

1s a finite T'-period competitive Eq-equilibrium starting from Z_.
Proof. First, observe that

o if ¢/, > Bj(1+ r(kii1, €1, Ary1))cl, then the only solution to the problem (B.20)
is s =0;

o if C‘Z_H = B;(1+ T(kt+1,et+1,At+1))CZ, then any s from the interval [0, Lk, 1] is a
solution to the problem (B.20);

o if ¢, < Bi(1+ (K1, €411, Ayi1))cl, then the only solution to the problem (B.20)
is s = Lky1.

Second, notice that minimization problems (B.21) and (B.22) are of the form
min |z — Z|,
s. t. a1 <z < as.

The unique solution to this problem, z*, is given by

ai, if :i“<a1;
Tt =qay, if T > ao;

Zi’, if aq S z S 9.
Remark B.1. When & > a1, we have z > x*.

Remark B.2. When & < ay, we have z < x*.

Let {(CZ**)j:l,...,L;t:O,l,...,Ta (Si**)j:1,_..,L;t:0,1,...,T—1, (k:*)tzl,Q,...,T} be a Nash equilibrium
of the game I'r. Note that for all ¢ = 0,1,...,7, k* > k: > 0. It follows that for all
t=0,1,....,7, wy*>0,v*>0,and 0 < 1 4 r;* < o0.

We divide the proof of Lemma B.1 into several claims.
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Claim B.2. For each j=1,... L,

0< ™ <(A+r)s™ +w +v* =8, t=01,...,T, (B.23)
and hence

0< ™4™ <A +r)sl +w™ +u*, t=0,1,...,T, (B.24)

Proof. Assume the converse. Then, by the structure of the problem (B.21), there are j
and 0 < 7 < T such that (B.23) holds for ¢t < 7, and

0=c™ > (147 ]**1 bt o s (B.25)
Consider two cases. First, let 7 < T — 1. By (B.25),
s > (14 7)s2™ 4+ w?* + 0 >0,
Hence, by the structure of the problem (B.20),
A < B (L4 i) =0,

]**

because otherwise we would have s/** = (0. Therefore, using Remark B.1, we conclude

that
=T > (Lr)sl™ +wily oy — ST

Repeating the argument, and using the structure of the problem (B.20), we have

]**>O t=7r,7+1,...,T —1,
At =0, t=7r7+1,...,T—1.

*

However, cJT* * = 0 is impossible, because SJ ™ = 0, and by the structure of the problem

(B.21) we have
O:C,?‘*:c?‘* ]** (1+TT)32_F**1—|—"LUT + vy >0,

a contradiction.
Second, let 7 = T Since ¢, > 0, and ¢}* = 0, we have

=B+ 7"?)#—*1 =531+ T}*)Cg/:kjl <0,

and, by the structure of the problem (B.20), s, = Lky. Using the fact that s,* = 0,
by the structure of the problem (B.21) we obtain

0=cp" + 57" > (L+77)sh +wi' + o >0,
a contradiction. [
Claim B.3. For each j=1,...,L,
(L4 4w + o < Lf(k™ e, Ay, t=0,1,....T, (B.26)

and

1
- ng**l <k* t=0,1,...,T. (B.27)
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Proof. Using (B.24), (B.7), the bounds for k in (B.22), and (B.16), for each j =1,... L,
we obtain

Z (L4 75)s™ +wis +vg") < L(L+15")kg™ + Lwy® + Log*

= Lf(k;*, e, Ao) < Lf(ko,eq, Ag) < Lk;.

Hence
L

S

j=1

IIFﬂb4

and, by Remark B.2,
L
i=1

Thus, inequalities (B.26) and (B.27) hold for ¢ = 0. To obtain these inequalities for

all t < T, it is sufficient to repeat the argument. O
Claim B.4. For each j=1,... L,
A s =1+ Fw o, t=0,1,...,T. (B.28)

Proof. Tt follows from the constraints in (B.20) that sJ™ > 0 for all t = 0,1,...,7. By
(B.26) and (B.17),

(1478 w4 v — s < Lk =¢
Therefore, by the structure of the problem (B.21), for each j =1,..., L,

> () Fw o — s, t=0,1,...,T.
Combining this inequality with (B.23), we obtain (B.28). O
Claim B.5. Foreach j=1,... L,

cgfl>ﬁj(1+7"t+l)c7** (=if s >0), t=0,1,...,T.
Proof. Assume that for some j and t < T,

o < Bi(L+r)d™.

Then, by the structure of the problem (B.20), s7** = Lk,,;. It follows from (B.26), the
bounds for k in (B.22), and (B.16) that

(1 + T;: )Si**l + w:* + U:* S Lf<k:*7 et7At) S Lf(]%tvetaAt) < lejt-i-l - S{**7

and thus
(L4 r7)si™y +wp™ + 07" — 577 <0,

which contradicts (B.23). Thus we have proved that
a2 Bi(L+rii)d™.
It remains to note that if
an > Bi(L+ri)d”,
then by the structure of the problem (B.20), s/** = 0. O
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Claim B.6. Forallt=0,1,...,T,

k> > ky, (B.29)
and
1SN
- 2 s =k (B.30)

Proof. By the choice of k,

Assume that for some t =1,2,...T,

L
ok Hk 7. 1 jkok Hk 7.
— E ] kt—l > kt—l) and Z E ngl < kt = kt‘

j=1
By (B.28),
1< 1<
ZZ(CJ** ]**1) = EZ((1+T:*1>SJ** +wy + vt 1)
j=1 j=1
= (1 + T:jl)k:jl + U):jl + U:jl = f(k:jl, €t—1, At—l) > f(];?t_l, €t—1, At—l)-
Hence

L L
ZCZE kt e, Arr) Z i*lz ktflyetflaAtfl)_kt-

Therefore, there is j such that
C‘gi*l > f(];tfl, etfl,Atfl) — ]%t > 0. (B31)

Using (B.19), the bounds for ¢ in (B.21), and taking into account that &k, = &, we get

C’Zi*l > f(lz;tfly €t—1, Atfl) — Ky
B Et Ct Cg**

5L<1+r(z%t,et,At)) Bi(1+ rk e, A)) — Bi(L+r7)

and hence

™ < B+l

It follows from the structure of the problem (B.20) that for this j we have s = Lk;.
By (B.28), (B.26), the bounds for k in (B.22), and (B.16), we have

CJ =1+ 1)5t o +wiy + vy St 1

< Lf( t—15 €t—1, At71> - 8§**1 < LfU_ft—l, etflyAtfl) — L]_ft <0,

a contradiction of (B.31). This proves (B.29).
Now (B.30) follows from (B.27), (B.29), and the structure of the problem (B.22). [
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Claims B.2-B.6 complete the proof of Lemma B.1. [

Step II. Competitive equilibrium under given extraction rates in the infinite
horizon model.

Step 11.1. A candidate for an equilibrium path.
Let for T'=1,2,...,

o = (™ (D))o, (57 (D))o k(D) 1™ (T), wi (1), (1), 0 (1) } oy

be a finite T-period equilibrium path. Let us apply the following procedure to the sequence
{&rtr=12...

At the first step of the process we take a cluster point of the sequence

{7 (O, (5 () K () () (), 57 () (T

denote it as
kk j**
{(C] )g 17( 50 )] 1,/{:8*,7’0*,108*,(13*,06‘* )

and extract a subsequence {Tp,}>°, from {T}7r_y o . such that

{6 (Ton))rs (6™ (Ton))rs k5™ (Ton), 75" (Ton), 05" (Ton), 65" (Zon) s v5™ (Ton)

]**

converges to {(cj**)] 1 (sh )] RS et wgt, g, ug*
At the second step we take a cluster point of the sequence

(A (Ton)) s (17 (Ton)) s K (Ton), 75 (Ton), w7 (Ton), 657 (Zon) s 07" (Ton) o »

denote it as
kok j** kok k% kk *kk ko
{(CJ )j 17( 51 )] 17k1 yT1 Wy 541,V )

and extract a subsequence {T},}>, from the sequence {Tp,}22; such that 73; > 1, and

(™ (i), (577 (D)) s K (Ton)s v (D) w0} (Thn), 67 (T ) 07 (Tan) 3

converges to {(c]™)k,, (s{**)J LR e wit, ¢, vt . This procedure continues ad in-
finitum.

As a result, we obtain an infinite sequence

Ooo - {(Cj**>g 17( J**)] 1,/{:*,7}*,1(}:*,(]:*,’0:* t=0,1,... " (B'32>

This sequence is a natural candidate for a competitive equilibrium under given extraction
rates in our model.

Step 11.2. Bounds of the 7T-period equilibrium capital sequence.

We already know that every element of the capital sequence for any T-period finite
equilibrium, k;*, is bounded from below by ky. However, we need to establish a more pre-
cise estimate for the lower bound of the capital sequence of a T-period finite equilibrium.
Again, we begin with some preliminary definitions.

Let the value 1 + 7' be such that

Br(1+7")>2(1+g), (B.33)

70



and &’ be given by

@1(5é)a3A0(k/)a171 =1+ 7”/. (B34)
Let further the sequence {k;} be given by
1 = (1+9)ki, (B.35)

where R
0 < ky < min{ko, k'}.

Claim B.7. For all t,
Sk, erv1s Aryr)

14+9) < < (1+g9g). B.36
(1+g) < TSl < (14 g) (5.36)
Proof. By (B.35), (B.11), (B.9), (B.12) and (B.13),
f(k£+17 1, Avy1) (k’2+1)a1 Apya €?i1 ai €?ﬁ1
= s 1 + 1 -+ A —an
FHend) (e A e - UHDT AN
aq 52 s al ~\1—«
> (1+4g) (1+A)(1_5) >(1+9)" 1+ > (1+yg)

Analogously, using (B.35), (B.11), (B.13) and (B.9), we have

Sy v Avr) _ (Re)™ Ava by (g gyen g )%
f(kis e, Ay) (ke Ay e - e’

<1+ +A)Z?f31 <(1+g9)"1+N <<1 _(S(S)Q)ag = (1+9).

t

[
Claim B.8. Forallt=0,1,...,T,
1+ 7r(ky, e, A) > 1+ 7. (B.37)
Proof. 1t follows from (B.35) and (B.36) that

1+ T(ké, €¢, At) = OélAtegg(k;)alil
f(k:{wetht) > f(kéflaetfbAtfl)

aq
/ /
Ky ktq

= =1+ T’(k;il, €1, At—l)-

Repeating the argument, and using (B.34), we get

1+ T(l{ié, €, At) > 1+ T(]{Z(), €0, Ao) > 1+ T(l{f/, €o, Ao)
= a1A0633<k/>a1_1 > 041A0(6é)a3(k'/)a1_1 =1+ 7”/.
O
Let
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Claim B.9. In any finite T-period competitive Eq-equilibrium

%k j**
(), 17 e K 6 0
fort <T —1,
k™ >k, >0, (B.38)
and
w > w;, >0,
v > v, > 0.

Proof. First let us prove (B.38). Assume the converse. Then there is 7 > 0 such that

kx> kL, and k%, < k... It follows from (B.6) and (B.37), that for all j,

A > B+ ) = Bl 4 i, )
- 5L(1 + T(kT-‘rl’ €r41; AT+1))CJT** > BL(l + r(k:;'-‘rl? €r+1, AT+1))01**
> Bu(1 4+ 1)
By (B.33),
A% > 21+ g)d*. (B.39)

Adding together the budget constraints of all agents at time ¢ in (B.5), and using
condition 2 in Definition B.2, we get

L
oAtk = U+ kT w4+ = (ke A, t=0,1,..., T (B.40)

Jj=1

SIS

Applying (B.40) for t = 7+ 1 and ¢t = 7, and using (B.39), we have

*x *k
f(kTJrl? €r+1, AT+1 k7+2 -

HMh

L
Do =201+9) (f(k e, Ar) —KLy) -

J=1

b«lv—

1+g

Hence, by the choice of 7,

k**+2 < 2(1 + g) ;k'*+1 + f(kT*Jrla €r+1, AT+1) - 2(1 + g)f(k:*v €r, AT)

, 26 B.41
< (1+g) (Qk f(kraeTa )) +f( 7—+1a67+1ﬂAT+1)_(1+g)f(krveTvAT)' ( )
It follows from (B.36) that

f(k—/r-i-l? 67+17AT+1> < (1 + g)f(k;—a €r; AT)- (B'42>

Moreover, using (B.37) and (B.33), we get

[k e, Ar) 147k e, Ar) - 14+ - 2(1+ g)

= >2(1+g
k'T (631 31 a1 B ( —i—g),
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and hence, by (B.35) and (B.13), we get
2k, =214+ g)k. < 2(1 + g)k, < f(k er, As). (B.43)
Combining (B.42) and (B.43), we have
(1+9) (2K 41 = f(kr er, Ar)) + f(Kpqserin, Arid) = (L4 9) (K] er, Ar) <0

Now it follows from (B.41) that k%, < 0, which is impossible. Hence 742 > T, and
therefore the inequality (B.38) holds for t <7 — 1.
Using (B.38), (B.11), (B.9), (B.12) and (B.13), we obtain that for allt = 0,1,...,7—1,

€t

a3
i = () )" > aa k) () e
0

) 52 tas
> 062(]. + /\)tAo(]. + g)tal (k(])al (m) <5é)a3

52 tas ) [
=g (155) asdoli) 6

> (14 g)"™ (14 §)" " ~w) > (1+ g)'wh = w.
Applying the same argument, it can be easily seen that for t < 7T — 1,

v > v > 0.

Step I1.3. Existence of an equilibrium.

Now we are ready to prove the following lemma which maintains that the sequence
&, defined by (B.32) is a competitive equilibrium under given extraction rates in our
model.

Lemma B.2. The sequence £

o defined by (B.32) is a competitive Eo-equilibrium starting
from T_4.

Proof. Tt is clear that by construction &;7, satisfies conditions 2-6 of Definition B.1.
Thus to prove that &7, is a competitive Eg-equilibrium it is sufficient to show that

{(CZ**)]LZI, (S‘z**>][-’:1}?i0 is a solution to the problem

maXZﬂjt.lncg,
s.t. +s <(1+r)s_ +wH+o* t=0,1,...,

s1>0, t=0,1,....
Let ¢, be such that
1
cgzi(wg—i-vé), t=0,1,.... (B.45)

It is clear that
Cé—i—l = (1 +2>C;7
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and hence

Zﬂtlnt— — Ztﬁt lnco b 5 In(1+g).

Consider the instantaneous utility function
u(c) =Inc—Ind,.

Clearly, the solution to the problem (B.44) will not change if we replace the instantaneous
utility function In ¢ with the function u(c). It is also clear that w(c}) = 0.
Note that for all ¢,

G > Lf ke, er, Ae) > Lf (K, e0, Ar) > ¢},

and hence u(¢;) > 0. Moreover, it follows from (B.18) that

. ~ Ing B _ In ¢f B
Zﬁut G) = _5+(1_B)21n(1—|—g)—1_%+(1_6)21n(1+g_])

1 Co I&4 1+ g)
=——In|— |+ In
(%) T oa (1+g
Now assume that {(cj**)J 1 (si**)] 1152, is not a solution to the problem (B.44). Then

for some j (we fix this j and omit it in the remaining part of the proof for the simplicity
of notation) there is a feasible sequence {¢, s;}$°, such that

U > U*, where U= Zﬁtut(’c}), and U* = Zﬁtut (cf")

t=0
Let 0 < A< U — U*, and let © be such that

= A

Z B'u;(¢;) < min {5,111 2} )
t=0+1

Further, let

e e
U = Zﬁtut(cf*), U® = ZB u(Cr)
and . o
UA(T) =) Bule(T)), UCT) =) Bulc(T)),

for T=0+4+1,04+2,....
Claim B.10. There is a sequence {Te,}5°, such that

U9 (Te,) — U*®.

n—o0
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Proof. Tt is sufficient to note that since £j7%, is obtained as a result of the application
of the process described at Step II.1 to the sequence {85‘}}T:1,2 , there is a sequence
{Ton}5%, such that for t =0,1,...,0:

gooe

nh_{lolo ki*(Ton) = ki, nh_{go wi*(Ton) = wy”, nh_{go v (Ten) = v;™,
nlgrolo ri*(Ten) =177, 7}2{)10 c; (Ten) = ¢, nlgrolo si (Ten) = ;™.
O
Let W*© be the maximum value of utility in the problem
G
max Z Brug(cy),
=0
sste a+se <(L+77) s +wT+u, t=0,1,...,0,
St207 t:(),l,...,@,
and W*®(T') be the maximum value of utility in the problem
G
max Z Brug(cy),
=0 (B.46)

st ot s < (L+7r(T)) se—1 +wi(T) + v*(T),
s >0, t=0,1,...,0,
forT=04+1,0+2,....

Claim B.11.
W (Te,) — W*°.

n—o0

Proof. Consider the correspondence that takes to each

S}

{(1 + 7o, 'LU[),’U[)), ceey (1 + Te, We, U@)} € H ([1 + 71<f€t7 €, At>7 1+ T(];‘ta €¢, At)]
t=0

X[k, e, A, (e, e, A)] % [0 e0, Ar), v(Rs e, A)))

the set
{(Cﬂy SO), ceey (09’ S@} c R?(@—i—l)

which is such that, with s_; = 5_; being given,
c+s < (1+r(T)) si—1 +w (T) +v;"(T), and s, > 0,

hold for all t =0,1,...,0.
By Statement 1, this correspondence is lower- and upper-semicontinuous, and it is
sufficient to apply the Maximum Theorem. O

Claim B.12.
Us(T) > W*@(T).
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Proof. Let for some T' > © + 1, the sequence {(¢, $o),- .., (Co,50)} be a solution to
(B.46). Let further for t =0 +1,...,T, {(¢, $:)} be defined recursively by

ét = Cg, §t = (1 + TZ(*(T)) :SJt_l + w;‘*(T) + U:*(T) — ét' (B47)
We show that given s_; = §_1, the sequence
{(¢0, %0), .., (Co,30), (Cot1,S50+41)s---, (¢r,57)} (B.48)

is feasible for the problem

=0 (B.49)
s. t. ¢t + S S (1+7’:*(T> Stfl—i_w:*(T)—i_,U:*(T)’

It is sufficient to check that s; > 0 fort = © +1,...,T. By Claim B.9, we have for
0+1<t<T -1,

1
G =c, = §(w£ +vy) < wH(T) + v (T).

We prove that s, >0 fort =0 +1,...,T — 1 recursively. Clearly, sg = 0. Suppose that
$i-1>0for ©+1<t<T—2. Then

S = (14+r(T)) 81 +w*(T) + v, (T) — & > w,*(T) +v;*(T) — ¢, > 0.
In particular, s7_5 > 0. For t =T — 1 we have
o1 = (L4724 (T) $r—2 + wiy(T) + 07 (T) — ér
> wil (1) +viy(T) — ¢y > 26y — ¢y =y
For t =T we know from Claim B.9 that either
wy'(T) + o7 (T) > o,

or
L+ry>1+47"

In the first case, we can apply the same reasoning as before:
Sr=1+r7(T)) Sr-1 + wi (T) + 07 (T) — ér 2w (T) + v (T) — ¢ > 0.
In the second case, using (B.33) and (B.13), we have
Sr=(1+r7(T)) $r-1 + wi(T) + v (T) — ér > (1 +1")p_y — &
> (496 — > (L+9)G, — ¢ > (L+ )y — ¢ =0,
Thus we have proved that the sequence (B.48) is feasible for the problem (B.49). Since

the sequence
{(cg"(T),55°(T)), -, (7 (T), 57 (1))}

is the solution to this problem, we have

T o
UA(T) = Zﬁ u(¢(T)) > Zﬁtut Z Brui(cy) = Zﬂ w(¢) = W*O(T).
=0 0

t=0+1 t=
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Let us prove another useful claim.

Claim B.13. Forallt=0,1,...,T,
k(T < R(Aef?) o
Proof. 1t is sufficient to show that
k<R, t=01,...T,
where o
k(1)
(Arey®) et

ok
Ky =

By (B.14), the choice of 1 + g, and (B.8),

1 k k
k= > L > ¢ =k,

(1+g)Tar  (Ag(de)™s) a1 (Ageg®)Tar

(B.50)

(B.51)

which proves (B.51) for ¢ = 0. We prove it for t = 1,...,T recursively. Suppose that

ky* < k. If follows from (B.40) that for all ¢,

1

B (T) < FO (D) e 40) = (k@) (A=)

and hence, due to (B.11), (B.9) and (B.12),

kit (T Appr€03)) o o9\ T
iy 2 D o) 78 _ <<1+A> (—+) ) |

(Arei) ™ (A

Therefore, by (B.14),

*3%\ Qg -1
14+g 1+g

Thus (B.51) holds for all t =0,1,...,T.

Denote ]
l+7=a (R)L—on
By (B.14) and the choice of 1 + g,
_ (R)™ 3
Br(l1+7) = Bron-——= Brai(1 +g) = (1 +g),

= 9
and hence, by (B.50), for all t = 0,1,...,T, we have

Atefg AtG?B 1
T T = YN Tmar 408
(k(T)) (R)1=o1 Ayey

L+ (T) = (R)i—on

Claim B.14.
U* > U®.

7

= =147

(B.52)



Proof. Let us prove that for any T'> O + 1,
5 (T) > co. (B.54)

Assume that c¢§ (1) < c¢g. We show that this inequality implies ¢;*(7") < ¢} for all
t < 0. Indeed, if ¢/*(T) < ¢} for some t < ©, then it follows from (B.6), (B.53) and (B.52)
that

i (T) 2> Bi(L+1"(T)e=y(T) = Br(L + 1)y (T) = (1 + g)e;= 1 (T), (B.55)
and thus (T) .
s c c

Hence o o
Z Bruy(c*(T)) = Z B (Inc*(T) —Inc,) < 0.
=0 =0

At the same time, by the choice of ©, we have

Y Bue(M) < Y Bule) < Y Blule) < In2.

t=0+1 t=0+1 t=0+1

Therefore

T G
Zﬂtut(c;f*(T)) = Zﬁ u(c;™( Z Bruy(cf*(T)) < In2. (B.56)
t=0 t=0

t=0+1

Consider the sequence
{(507§0)7"'7(5T7§T)}7 (B57)
defined as follows: for t < ©

& = w(T) + v (T), 5 =0,

and for t =0+ 1,...,T, {(¢&, $:)} is given by (B.47). It follows from Claim B.9 that for
t <0,
wi*(T) + v (T) > w, + v) > ¢,. (B.58)

Repeating the argument from the proof of Claim B.12, we obtain that the sequence
(B.57) is feasible for the problem (B.49). At the same time, the sequence

{(cg" (1), s (1)), -, (F7(T), s7(T)) }
is the solution to this problem. Hence, using (B.58), we get

T T ©

> Bue (1) =Y Blunlé) =) Brug(wi*(T) + v (T)) + D Blu(cy)

t=0 t=0 t=0 t=0+1
©
= up(wy™(T) + v (1) + Y Brun(é) > up(wy™(T) + v3*(T))
t=1

/ !/
= In(w™(T) + v5*(T)) — Incy > In(wy + v)) —Incy =1n (woj UO) =1In2,
0
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a contradiction of (B.56).
Thus (B.54) holds, and using the fact that ¢ is a limit of the sequence {c§ (Ton) }22 1,
we have
g > Co-

It immediately follows from (B.55) that forall © +1 <t < T,

Since every ¢;* is a cluster point of the sequence {¢;*(T")}r=1 2., we get
oF>d, t=0+1,0+2....

It follows that

—U*© = Z Brug(c*) = i B (In(¢*) —Inc}) > 0,

t=0+1 t=6+1

which completes the proof. O
Claim B.15.

U(T) > U*(T)—%, T=0+1,0+2,...; (B.59)

W*© > U — %. (B.60)

Proof. Clearly, ¢; > ¢;*(T') and ¢, > ¢, for all t. It follows from the choice of © that

U(T) = U(T) = > Buc;™(T)) = > Brun(c;™( Z Blug(c;(

=0 =0 {=0+1
T [e’s) A
< Z Btut(ét) < Z 5tut(5t) < bR
t=0+1 t=0+1

which proves (B.59).
Due to the definition of W*®, we have W*® > U®. Now it is easily seen that

N N 00 R N 00 ) N A

W*e Z Ue Zﬂtut Ct =U— Z Btut(ct) Z U — Z /Btut(ct) >U — 5,
t=0+1 t=0+1

which proves (B.60). O
Now, combining Claims B.10-B.12 and B.14-B.15, we obtain

U* > U*® = lim U*®(Te,) > lim U*(Te,) — a
n—o0 n—oo 2
A A
> lim W*®(Te,) — = =W*° - = >U - A,
n—oo 2 2

which contradicts the choice of A. This contradiction completes the proof of the lemma.

[

79



Thus the proof of Theorem B.1 is finally complete, and there exists a competitive
equilibrium under given extraction rates. O]

The issue with uniqueness of a competitive equilibrium under given extraction rates is
more subtle. We can only conjecture that the competitive equilibrium is unique, but we
have no proof of this fact. At the same time, the following proposition maintains that the
competitive equilibrium starting from the state where the whole stock of physical capital
is owned by the most patient agents is unique.

Proposition B.1. Suppose that Z._, is such that §_| =0 (j ¢ J). Then there eists a
unique competitive K. -equilibrium starting from L, 1,

kk ** kk * kk k% kk
g _{CJ j= 17( )] 17kt>rtawt>Qtavt

t=r,7+1,...0
which 1s given fort=7,7+1,... by
q”" == B+ Fw o, ST =R (e ),
at=w o, ST =0 (¢ ),
ki =B+ )k, L = o A(k7)M 7 (e)™,
wy = Ay (k™)™ (€)™, g = 043At(k:*)a1<€t)a37la vt =g e,

where s, = §_ |, and e, = ¢,(E,).

This case is important because in every competitive E.-equilibrium less patient agents
inevitably lose their capital with time. The following proposition verifies that the whole
capital stock eventually belongs to the most patient agents.

Proposition B.2. Suppose that

sk *k JHr* Kk Kk gk kk
87— - {(CJ )J 17(515 )] 17kt 7T Wy 54y 5V t=7,7+1,...

1s a competitive K. -equilibrium starting from an arbitrary state Z._1. Then there exists a
point in time T such that for allt > T,

sT=0 (5 ¢J).

Proof of Propositions B.1 and B.2 is very similar to that of Propositions A.1 and
A.2. Without loss of generality, let us consider a competitive Eq-equilibrium

*ok ** Vi *k *k *k
5 _{ C] ] 17( St )g 17kt 7Tt 7wt » 4y 7vt t=0,1,...

starting from Z_, = {(8.,)%,, R_,}, and give a sketch of the proof.

Jj=b

Lemma B.3. Let § > 0 be such that for some T
kivy > B(L+ 1)k = Bar Ak )™ ()™, t>T.
If B; < B, then s7™ = 0 for all sufficiently large t.

Proof. This lemma can be proved in the same way as Lemma A.3. O

Lemma B.4.
T <L+ rES, t=0,1,. ...
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Proof. 1t is sufficient to repeat the argument used in the proof of Lemma A.4. ]
Lemma B.5.

wiiy, < B +r)w™, t=0,1,...,

vy < BT +r)v, t=0,1,....
Proof. This statement follows from Lemma B.4. ]

Lemma B.6.
Sij?l >ﬁ1<1+rt+1)8g** (j S J)v t:_lvoa

Proof. This lemma can be proved in the same way as Lemma, A.6. O

Lemma B.7. For all § > 0 there exists a point in time T such that for all t > T,
Ko > Bl = 0)(1+ 17k
Proof. This lemma can be proved in the same way as Lemma A.7. [

Proposition B.2 follows from Lemmas B.3 and B.7. Proposition B.1 follows directly
from Lemma B.8 which explicitly constructs a competitive Eg-equilibrium starting from
the state Z_; such that §', =0 (5 ¢ J).

Lemma B.8. If
]{33*_ ZS 1 i.e ) 120 (j¢J>7

]EJ

then for allt =0,1,.. .,

k:j’;l —= B1<1+T**)k:*7
7= (1= B)(L+r)si +w o, s =+ (€ ),
CZ**:wt + v, s=0 (j¢J).

Proof. By Lemma B.6,
Br(1+ ks = Bi(1+15%)~ Zs ZSJ** k.
]GJ

At the same time, by Lemma B.4,
ki < Bi(1+ry" kg™

Therefore, ki* = B1(1 + ri*)k*, and hence s)™ = Bi(1 4+ )8, (j € J), while
j** =0 (5 ¢ J). We have proved the lemma for ¢ = 0. To prove it for t = 1,2,..., it is
sufﬁment to repeat the argument. O]

This completes the proof of Propositions B.1 and B.2. O
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B.2 Balanced-growth equilibrium under given extraction rate
Suppose that the sequence of extraction rates is constant,

E: = E° :={e,¢,¢,...}.
Then, clearly,

. eR,_
Ri=1—¢e) """ "Ry, er=(1—¢)" " 7 1, t=7,7+1
Definition. A competitive ES -equilibrium
‘9** - { CJ** J 1’( ]**)] 1,/{,?*,7’,5 ’w:*’qt ’vt t=7,7+1,...

starting from I,y is called a balanced-growth ¢ -equilibrium if there exist an equilibrium
rate of balanced growth v** and the rate of change of the resource price, 7™, such that for
t=1,7+1,...,

A = (1+9™)d™, s = (14+~4")s™, j=1,...,L, (B.61)
kit = (L+"7)k, wyy, = (1 + 7wy, vity = (L+9")v, (B.62)
qﬁl = (1+7")q™, L+r=1+r" (B.63)

The following proposition provides necessary and sufficient conditions for the existence
of a balanced-growth E°-equilibrium. In particular, this proposition maintains that in a
balanced-growth equilibrium only the most patient agents make positive savings and own
the whole capital stock.

Proposition B.3. Suppose that a constant sequence of extraction rates Ef is given. A
balanced-growth E® -equilibrium

*k ok ]** k% k% k% *%k k%
8_’_ - {(CZ )j 17(t )] 17kt Ty Wy G 5 Uy t=7,7+1,...

starting from a non-degenerate state T,_; = {(éi_l)le, I%’T,l} exists if and only if

3171 - 07 ] ¢ Ja

a1—1 ~ o3
T— L o3 ]
a1 Ay ( ZST 1) <€RL 1) =(1+ )\)klal (1-— 8)1721 E’

and (B.61)-(B.63) hold.

Proof. Tt can be proved exactly in the same way as Proposition A.3. [

The following proposition maintains that the interest rate, the equilibrium rate of
balanced growth, and the rate of change of the resource price are determined by the
parameters of the model and by the constant over time extraction rate e.

Proposition B.4. Suppose that a constant sequence of extraction rates E° is given. In a
balanced-growth E°-equilibrium, the interest rate, the equilibrium rate of balanced growth,
and the rate of change of the resource price are determined as follows:

«3

Ly = (1 N (1) ™5

1 k%
1+7T**: +ﬁy ,
1—¢
147" = .
Io
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Proof. The proof is similar to that of Proposition A.4. O

The following proposition maintains that every competitive EZ-equilibrium under given
constant sequence of extraction rates converges in some sense to a balanced-growth E®-
equilibrium.

Proposition B.5. Every competitive ES -equilibrium starting from an arbitrary state Z,_,
satisfies the following asymptotic properties:

1 *x
lim 1+ =14+r"= + ;
t—o0 /Bl
k** U}** v
hm t+1 — 1 + — 1 t+1 — 1+,}/**’
t—o0 k;‘* t—o0 wt t—o0 Uzk*
]**
lim 25l =144 (j e ),
o0 gI™*
t+1 *ok s
tli{gcf** 1+7 ) ]_17"'7[/7
lim qt: =14+
t—o0 qt

where 1 +~v* = (1 —i—)\)ﬁ (1 —5)%, and 1+ 7 = 2=

Proof. The proof is similar to that of Proposition A.5. [

B.3 Time 7 extraction rate

Before making extraction rates endogenous, let us explore the dependence of a competitive
E,-equilibrium on the time 7 extraction rate.

Suppose we are given a non-degenerate sequence of extraction rates E? = {2} .
Assume that €° is replaced by some other extraction rate ,, while all future extraction
rates remain intact. Clearly, the volumes of extraction and the dynamics of the resource
stock before and after this replacement are linked in the following way:

~ 1—e;
Rt_l €2Rt, t:T,T+1,...,
Er . 1—¢,

éT:—OeT, €t = g6t t=7+1,74+2,....
el 1—-¢&?

A competitive E%-equilibrium should also change. The change of a competitive E2-
equilibrium and the dependence of a new equilibrium on ¢ is characterized in the following
lemma.

Lemma B.9. Suppose that for a non-degenerate sequence of extraction rates EY = {9}
the sequence

*k JHx *k o kok kk o kko ok
5 _{ ] 17(st )] 17kt 2T W Gy 5 Uy t=7,7+1,...

is a competitive BV -equilibrium starting from I, | = {(5‘171)]@:1, R, _1}.
Let
E, ={e,,e% 1,2, ...},
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and
1—¢,

_ 0"
1—-¢&2

vy =

Consider the sequence

Erler) = {(62(57.))?:1, (gg(&'))g 1 kt(g‘r) ft(g‘r)vwt@f)’gt(&)a{)t(g‘r)}

Y

t=1,7+1,...
given by
7 Er o sk
kT—&-l(gT) = E_O kr+1v (B-64)
~ 57— a3a§_7— 1 t—7— 1
kt+1(€7-) = 5_0 V7c_¥3( oty k:—il? t=1-+ 1,7' —+ 2, ey (B65)
as
(e = () wr (B.66)
£ Oé3Oét1_T t—7—1
Wy(e,) = <—g) posltartetar ™y e —r L 1 742, (B.67)
87’
a3z
e = (5) o (B.65)
t—1
67— 065061 t—r—1
Oy(er) = (—0) poalltartetal ™™y - —r L 1742, (B.69)
8’7’
a3
F(e) = (i—g) =1, L, (B.70)
agoztf"
&er) = (%) pos(ltart. A+ ™, t=r+1,7+2,..., j=1,...,L, (B.71)
a3
() = (i—g) e i=1,..., L, (B.72)
. €T 0‘305377 t—7—1 .
§l(e;) = (5_0) poallfertetar T 0 — 741 742,..., j=1,...,L, (B.73)
~ Er “ *k
1+7.(e;) = (8—0) (L+1777), (B.74)
13 3(a1 1)04§ o t—7—1
14 7(er) = (5_3) v (1+4r"), t=17+17+2,..., (B.75)
e az—1
i(e) (8—0) - (B.76)
0!3043 ! t—1—1
ACH =< > pealtarteded ™0 lge - — r L T 42, (B.77)

(e

The sequence

Il_{(Tl)]l?

m>$ﬁz qmol\(“r)

r)
1}
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This lemma plays a very important role in our further considerations. If both the
competitive E2-equilibrium and the competitive E,-equilibrium are unique, then (B.64)—
(B.77) provides formulas of transition from the equilibrium before the change of the time 7
extraction rate to the equilibrium after the change. If we cannot guarantee the uniqueness
of a competitive E.-equilibrium, then the interpretation of this lemma is slightly different.
It maintains that after the change of the time 7 extraction rate, there exists a competitive
equilibrium which is given by (B.64)-(B.77).

Proof. For the simplicity of exposition let us slightly abuse the notation and write simply
ky;, 10y, etc., instead of l;:t(sT), wy(e,), ete.

Obviously, k. = Ex*, as the initial state is the same.

Directly from (B.64)-(B.65) and (B.72)-(B.73), we get

L
I%t+1:Z§{, t=7,7+1,....

J=1

It is also clear that capital, labor and natural resources are paid their marginal prod-
ucts:

~ ET 3 ok 57’ e kk\ (¢ *k\ x]— ~ Q 7. a1 —
1 +r, = <5_0> (1 +TT ) = <€—0> OélAT(eT ) 3(l{jT ) 1—1 alAT(eT) 3(]{37_) 1 17

T T

c 3(a1—1)
b, = (—) V(L4 )

T

as(a1—1)
Er «@ —1
_ 3 ok a3 kok (6%
= ( ) vtan A (e7hy) ™ (k71 )

0
c az(a1—1) c asz(l—a1)
T o ~ a3 (7. a1—1,,—« T
= <—> Vo A1 (€ry1) ™ (kry)™ 0, (5_0)
pd

= 1 Ar1(6ri1) (krr)™ 1,

t—7—1

asz(ar—1)a
e\ ° 1 S
1+7 = (5_0) yfsatl 1(1 + r:*)

T
t—7—1

c 3(a1—1)ag s

N agar T sk \ g [ 7k%\ o —1

-(%) el 0y A ) (k57)
8’7—

t—7—1 t—7—1

agz(ar1—1)aj L ~ (a3 Y(1—an)
- (%) et e v (5) |

gl el

. Vgg(1+a1+...+at1—7—2)(1—a1) — alAt<ét)a3 (];,t>a1—1, t=7+2,7+3,...;

~ 67’ “ Kk 87_ “ *%\ Qv *%\ Qv 7. \a1 (3 \«
w-= {7 wi=|5) A (k)" () = a2 A (k)" (€-),

B
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c aszal
~ o T Qg kK
Wri1 = (5_0) Ve Wria

T c aszaq
N ( T) vt Ar (k7)™ (7)™

)
&7
c szl ~ c as(—a1)
T Q: a1 ag,,—as T
= (—0) vt ag Ay (krga) ™ (Ergn )0 (—0>
€ £
T T
7. a1 (s e
:a2AT+1<kT+1) 1<€T+1) =
&€ agaiiT t 1
- I
Wy = _g V33(1+a1+...+a1 )w:*
6’7—
3 aBatl_T t 1
Y az(1+ar+..4a; 77 7) *x\ Q] (k)3
= <€0) Vr ' anAy(k;*)* (e7")
e

c oz3at1_7 . L c (QSQtl_T_l)(—al)
_[&r as(l+art..+al™7" )21 (8,)%8 . e i
(5)" e e v (5) |
T

. Va3(1+a1+...+01t1_7_2

T

)(—a1) :a2At<l~€t)al(ét)a37 t=7+2,7+3,...,

- az—1 c az—1 ~
o= (3) = (5) mateme ! - s

T

a3a1
— (i) vt ag A (7)™ (€)™

50
pd
N c az(—a1)
. T asz—1 I. al(z az—1, —az+l T
= <€_o> U g Ay (Krgr )™ (En) ™ T3 (8_0)
e T
7 a1/~ asz—1
= azAr 1 (kry1) (Er41)™ 7,
a3at77
~ Er ! a3(1+041+.~+01t1_T_1)—1 *ok
ST

t—7—1

e aga’f
= <8_g) poslltert.to )_104314:5(]{?:*)&1(6:*)&3—1
T

T

Er

T 69_

c ozgoztf'r . L B (04304577—71)(—01)
_ (—T) poa(tentetar ™01 o A, (k)2 (6)% 7L - oot ( ) |
T

1+o¢1+.--+04t177—72

. 1/?3( Jme) = OéSAt(]%t)al(ét)ag_l7 t=7+2,7+3,....
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Now it can be easily seen that
ﬁt:qtéta t:TT+1,....

It remains to show that the sequence {(&)% i1 (s{)le}f; is a solution to the following
problem:

maxZﬁjt-lncz
t=r1
s.t. c+sl=04r)s  +w+uv, t=71,7+1,...,
s1>0, t=r,74+1,...,

at ry = ft, Wy = U~)t, and Vs = ﬁt-
Equivalently, it remains to show that the following conditions hold (7 =1,...,L):

G+8 =(1+7)5_ |+, +0, t=71,7+1,..., (B.78)
&y > Bi(1+ Fe)él (: if § >0), t=71,7+1,..., (B.79)
Bt
(B.80)
CZ t—o00

Note that the sequence {(c/™)E_, (s7™)E_;}22. is a solution to maximization problem
(B.3) and hence satisfies the following conditions:

A s = (L) +w o, t=T1,7+1,...,
tj:k1>/8J(1+rt+1)Cj**( if s/ >0), t=r7+1,...,

t ]**
ﬂ — 0.

CZ** t—o00

Consider (B.78) for t = 7. We have

~j ~7 Er “ j ok EXS Er e *k ok *k
ci—l—siz(g—o) (™ + st :(6—0) (L4 72)8 ) +wr + 5
=

)
c a3 a3
(%) aemzae(5) w

Consider (B.78) for t = 7+ 1:

e [e%:Ye%1 c [e %151
~7 ~7 o cT as ) Kk Jkk -7 YESS
C‘77'—1—1 + ST—H - (60) vr ( T4+1 +s 7'+1) <€0> ((1 + rT-‘rl)S + wT+1 + UT+1)
T T

as(a1—1) as azaq
Er ’ a Er ) %k Er (o}
= (5_0) S+ ) (5—0) sy + (6—0) vt (Wil + viiy)

T

as

Er S ~ N\ Aj ~ ~

5—0) v = (1+7,)8_ + 0 + 0.
0

= (1 + Fry1)8 + Wrpq + Trps.

The validity of conditions (B.78) for ¢ > 7 4 2 and (B.79) for ¢ > 7 can be proved
similarly. It remains to notice that

agal™" . )
~ &z 3(1 T j j
SJ (89> Vgs( +ai+...+aj ) Sg** ‘ ;:Sg**
lim —-= = lim /3! — e lim —— =0.
t—00 CJ t—>00 ](e azay a3(1+a1+ Aai” CZ** t—v00 CZ**
=T
59)
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B.4 Time 7 voting equilibrium

We have characterized a competitive equilibrium and a balanced-growth equilibrium un-
der given sequence of extraction rates. Now we make extraction rates endogenous and
introduce voting into our model.

Suppose that we start at time 7. The economy is in the non-degenerate state Z,_; =
{(éi_l)le, R,_1}. Suppose that agents have non-degenerate expectations about future
extraction rates, {ef}?° ., and they vote on the time 7 extraction rate.

For any ¢, € (0,1) consider the sequence of extraction rates

E-(e;) = {er 21,6010, }

Let us assume that for any e, € (0, 1) there is a unique competitive E. (&, )-equilibrium
starting from Z,_;:

Ex(er) = {(cl™ (er))jrs (817 (en))ons K (en) 17" (e0)s w0y () 6 (67) 0 () -

It is clear that £*(e,) depends on the expectations and on the parameters of the model
as well. However, here we underline its dependence only on €., as it is the value on which
agents vote.

Under the uniqueness assumption, agents’ preferences over the time 7 extraction rate
are represented by the following indirect utility functions:

U(e,) =Ind™(e,) + BiIncd S (e) +..., j=1,...,L

Definition. Suppose that for any e, € (0,1) there is a unique competitive E,(e;)-
equilibrium starting from I,_y, E*(e,). We call a couple {€X*,E*} a time T wvoting

TOYT

equilibrium if =¥ is a Condorcet winner in voting on the time T extraction rate, and

£ = ().

Since the functions (47 (e,))f_, are strictly concave, the agents’ preferences are single-
peaked. Hence the median voter theorem applies, and at each point in time there exists a
Condorcet winner. Note that the time 7 voting equilibrium consists of the time 7 voting
equilibrium extraction rate €;* and the corresponding competitive equilibrium.

In order to determine a Condorcet winner, let us consider the preferred time T extrac-
tion rate for agent j. This is the value &/ such that

U(D) >Ule;) Ve, £l

From Lemma B.9 we know how the consumption stream of every agent depends on
the time 7 extraction rate, which allows us to obtain agents’ preferred values of time 7
extraction rate.

Proposition B.6. Suppose that for any e, € (0,1) there is a unique competitive E,(e;)-
equilibrium starting from Z,_. The preferred time 7 extraction rate for each agent j is
given by

el =1-8;. (B.81)

Proof. Let us take some £ € (0, 1), and consider the sequence
ET(€?_) = {69-7 5i+17 576—-1-27 X }
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By assumption, there is a unique competitive E, (¢?)-equilibrium

E(ED) = {(a™ (D)o, (577 (D) jmr, k(€)™ (€0), wi™ (€9), 4™ (e9), v (D) ),

starting from Z,. ;. We use this equilibrium as a benchmark.
Further, for any e, € (0,1) there is a unique competitive E, (¢, )-equilibrium

£ (er) = (e (), (817 (E)) fors Ky (e0) i (e0) w0y (60), 47 (0) v (e)

starting from Z,_ ;.

From Lemma B.9 we know that if the time 7 extraction rate changes from £° to e,
the benchmark equilibrium £**(£2) transforms to the “new” equilibrium £**(e,) according
to the formulas (B.64)—(B.77). In particular, the consumption stream of agent j is given
by (B.70)—(B.71). Therefore, the indirect utility function of agent j in this equilibrium is
given by:

Uﬁ(eT) =In CJT** (57) + ﬁj In Cﬁ:l (57) Tt

1—
= aszln <i—0> +Ind**(2) + Bjaza; In (i ) + Biaz1n <1

=TV + azlne (1 + Bja; + ﬂ?al +...)
+ BjosIn(l —e-) (1+ B;(L+ o) + 71+ a1 +ai) +...)

)i @s

T

o a3 ﬁja3 2 2
_I‘J—+—1_—Bjalln67+1_—@(1+Bj0¢1+5j051+-~)1n(1_57)
=V 4+ ——Ine, + _In(1—¢,),
1—5]'061 1_6ja11_/3j ( )

where

‘ 1 a3 - 1 [e%:1e5] 1 a3 -
vom|(5) @) vom| (%) () @ne] v

. 1 azal 1 a3(l+a1+...+a§71) . 0
+ f;In (5_0> (1 — 60) cr(€r)

T

Note that IV does not depend on €., on which agents vote. IV depends on the parameters
of the model and on the characteristics (the extraction rate €2 and the consumption
stream) of the benchmark equilibrium &*(£2).

When voting on &, agent j maximizes her indirect utility U7 (e, ), i.e., solves

o (=,)

=0.
Oe,

This equation can be rewritten as

1B 1
Er 1—ﬁj1—67

The solution to this equation is e2 =1 — ;. O
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Proposition B.6 maintains that the preferred time 7 extraction rate for every agent is
constant over time and depends only on this agent’s discount factor. In particular, the
preferred time 7 extraction rate for agent j is time- and expectations-independent.

Now it is straightforward to see that the Condorcet winner in voting on the time 7
extraction rate is

ok
€ = 1- Bmed?

where [, is the median discount factor. Thus the following theorem takes place.

Theorem B.2. Suppose that for any e, € (0,1) there is a unique competitive E,(g,)-
equilibrium starting from Z,_1. Then there exists a unique time T voting equilibrium

{er*, E*}. The equilibrium extraction rate is constant over time and given by

e =™ =1 — Bea. (B.82)

B.5 Intertemporal voting equilibrium

iR R 1} and a non-degenerate sequence
of extraction rates E** = Eg* = {;*}2°,. Therefore, the volumes of extraction and the
dynamics of the resource stock are also known:

Suppose we are given an initial state Z_, = {(§’ )L

e = alB7), R =R(E7), t=0,1,...

Let

k% ** ]** kk kk kk kk k%
5 {Cj J= 1’( 5t >J LR W 6 v t=0,1,...

be a competitive E**-equilibrium starting from Z_;. Let for 7 =1,2, ...
g** — { C_y** ( j**)] 1,/€:*,7”t ’wt*’q:*jvt

J I t=71,7+1,...

be the corresponding tail of £;*, which is a competitive E>*-equilibrium starting from
= {( ]T**1)] 1 Ry 1}

Definition. We call a couple {E**,E;*} an intertemporal voting equilibrium starting from
Ty if for each time T = 0,1,..., a couple {€X*, EX*} is a time T voting equilibrium starting
from T** | under perfect foresight about future extraction rates (f =ei*, t =17+ 1,7+

2...).

The following theorem provides the characterization of the sequence of extraction rates
in every intertemporal voting equilibrium.

Theorem B.3. In every intertemporal voting equilibrium {E** E}*} the sequence of ex-
traction rates IE** s constant over time and given by

B =E = {*,e™,.. .}, (B.83)
where €** is defined by (B.82).

Proof. The sequence of extraction rates in every intertemporal voting equilibrium is the
sequence of time 7 equilibrium extraction rates. It follows from Theorem B.2 that every
equilibrium extraction rate is constant and given by (B.82). O
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The answer to the question about the existence and uniqueness of an intertemporal
voting equilibrium is provided by the following theorem. It states that if the initial
state is such that the whole capital stock belongs to the most patient agents, then an
intertemporal voting equilibrium exists and is unique.

Theorem B.4. Suppose that the initial state T_y is such that & | =0 (j ¢ J). Then
there exists a unique intertemporal voting equilibrium {E**, E*} starting from Z_y. The
equilibrium sequence of extraction rates B** is constant over time and defined by (B.83),

and E;* is the unique competitive K** -equilibrium starting from Z_4, as described in Propo-
sition B.1.

Proof. 1t follows from Proposition B.1 and Theorem B.3. [

B.6 Balanced-growth voting equilibrium

Definition. An intertemporal voting equilibrium {E**,E;*} starting from Z_; is called
a balanced-growth voting equilibrium if E* is a balanced-growth B -equilibrium starting
from T_y, where e is defined by (B.82).

The following theorem maintains that if at the initial instant the whole capital stock
belongs to the most patient agents, then the intertemporal voting equilibrium converges
in some sense to a balanced-growth voting equilibrium.

Theorem B.5. Suppose that the initial state T_, is such that ¥, = 0 (j ¢ J). The
unique intertemporal voting equilibrium starting from Z_q satisfies the following asymp-
totic properties:

: kx k% 1 + 7**
tlggloljtrt =14r"= 5 (B.84)
lim ~2L = lim L = fim L = ] gy (B.85)
t—o00 k’z‘* t—o0 w;* t—o00 1);*
VEL
lim 25 = 14> (e ), (B.86)
t—o0 sg
lim Cﬁ*l =14+ j=1 L (B.87)
o0 C’Z** AR J R ) .
lim T 1 + 7 y (B88)
t—00 qs
where . o
L+ =1+ N1 (Bed) 1, (B.89)
and | 4 e
L= (B.90)
ﬁmed
Proof. 1t follows from Proposition B.5 and Theorem B.4. O]
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B.7 Generalized intertemporal voting equilibria

Our definition of an intertemporal voting equilibrium is given under the assumption of
uniqueness of a competitive E,(e,)-equilibrium for any e, € (0,1). This assumption
is crucial in the statement of Theorem B.2 about the constant equilibrium extraction
rate. Moreover, we obtained the existence and uniqueness of an intertemporal voting
equilibrium (Theorem B.4) only for the case in which the underlying competitive equilibria
are unique. Thus to guarantee the mere existence of an intertemporal voting equilibrium,
we have to prove the uniqueness of a competitive E.(e,)-equilibrium starting from an
arbitrary state Z._; for any e, € (0, 1), which is not an easy task.

Let us discuss the general case in which the competitive E.(e,)-equilibrium starting
from an arbitrary state Z,_; is not necessarily unique. The difficulty here is that we cannot
unambiguously define agents’ indirect utility functions and obtain from them agents’
preferred values of extraction rates. However, if we apply the technique proposed by
Borissov et al. (2014b), we can get around this difficulty.

Namely, let us impose an additional assumption on the beliefs of agents. Assume that
agents simply act as if a competitive E, (e, )-equilibrium is unique, and do not take into
account the possible multiplicity of equilibria.

Formally, let

E” = By = {7},

and
e = (E"), R =R(E™), t=0,1,....

Consider a competitive E§*-equilibrium

P EXAVA JEx\ L s,k sk kk kx| kok
& = {(Cg )jzla(st )j:lvkt Ty Wy 5 G 5 Uy

t=0,1,...
starting from Z_; = {(§j_1)jL:1, R_l}. Let also for 7 =1,2,...,
sk jxk\ I JEx\ L kK Kk Kk sk kok

&= {(CZ )j:lv (s1 )j:lv k™o wy g v b=t

be the corresponding tail of £j*.

Suppose that the economy has settled on £f*. At each time 7, when the economy is
in the state 7* | = {(s];'fl)f:l, R |}, agents are asked to vote on the time 7 extraction
rate. To do this, agents’ indirect utility functions should be unambiguously specified.
Originally this was done under the assumption of uniqueness of the competitive E*-
equilibrium starting from Z**,. Now let us instead assume that when voting on the time
T extraction rate, all agents believe that if €5 s replaced by the other extraction rate e,
then the economy will settle on the path gf(&), which is linked with the “initial” equilibrium
EX* in the way described in Lemma B.9.

Recall that under the uniqueness assumption, the interpretation of Lemma B.9 is sim-
ple. After changing the time 7 extraction rate from &** to ¢,, the unique competitive
[E**-equilibrium also changes, and becomes the unique competitive E,-equilibrium, de-
scribed in Lemma B.9. Here the interpretation is slightly different. After changing the
time 7 extraction rate, the competitive [£**-equilibrium can change unpredictably, and the
economy can in principle settle on one of multiple E,-equilibria. Under our assumption
about agents’ beliefs, agents ignore the possible multiplicity of equilibria and believe that
after the change of the time 7 extraction rate, the economy settles on the path gT(eT),
which is described in Lemma B.9.
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Under this additional assumption, agents’ indirect utility functions, which represent
their preferences over the time 7 extraction rate, can be defined unambiguously as follows:

uﬁ(gT):lnéz'<€T)+B]1nCZ'+l< ) Tt j:17"'7L7
where the sequence {& (¢,), &, ,(¢,),...} is constructed according to (B.70)—(B.71).

Definition. If for eacht =0,1,... there is a Condorcet winner in voting on €; described
above, and it coincides with €*, then we call a couple {E**,E;*} a generalized intertem-
poral voting equilibrium starting from I_.

Clearly, any intertemporal voting equilibrium is a generalized intertemporal voting
equilibrium. Moreover, any generalized intertemporal voting equilibrium starting from
the initial state where the whole capital stock belongs to the most patient agents is
an intertemporal voting equilibrium. Under the additional assumption about agents’
beliefs, there always exists a generalized intertemporal voting equilibrium starting from
an arbitrary initial state.

Theorem B.6. For any non-degenerate initial state there exists a generalized intertem-
poral voting equilibrium {E**,E;*} starting from this state. The equilibrium sequence of
extraction rates is constant over time and given by (B.83).

Proof. 1t is sufficient to repeat the argument used in the proof of Theorem B.3, and refer
to Theorem B.1. O

Furthermore, every generalized intertemporal equilibrium converges in some sense to
a balanced-growth voting equilibrium.

Theorem B.7. Every generalized intertemporal equilibrium starting from an arbitrary
initial state satisfies asymptotic properties (B.84)—(B.88), where v** and m** are given by
(B.89) and (B.90) respectively.

Proof. Tt follows from Proposition B.5 and Theorem B.6. [

C Appendix 3. Private property regime with capital
taxation

Consider a competitive equilibrium in the private property regime, and assume in addition

that the capital income paid by competitive firms to the capital holders is taxed at some

constant rate 0, and the revenue is lump-sum redistributed among all agents.
We define a competitive equilibrium with capital income tax,

_ * * * * * *
{ j 1 St j= 1’kt7Tt7wt7qt>et7Rt}t:()’l,m7

similarly to the competitive equilibrium without tax. The definition of competitive equi-
librium with capital income tax repeats Definition A.1, except for the following changes:

1. For each j=1,...,L, the sequence {c’ st 122, 1s a solution to the following utility
maximization problem.

max Z Binc

s.t.oaq+si<(I+r)(1—0)si+w+0(1+r)k t=0,1,...,
s>0, t=0,1,...

93



¥ _ * L.k j o a5 HJ 7.7 .
atry =71, wy=wy, ky =k, and s* | = WR_1+I<:O,

5. The Hotelling rule takes the form

q;+1:(1+7’:+1)(1_9)qra t:O,l,,

7. Total agents’ savings are equal to the investment into physical capital and natural
resources:

Qt*+1 %
E s = R+ Lk;,, t=0,1,....
(1 Tt+1)(1 - 9) Hl

Taking into account the new form of the Hotelling rule, we can define a balanced-
growth equilibrium with capital taxation along the lines of Definition A.3. Slightly
modifying the arguments from the proof of Propositions A.3 and A.4, we can provide
a characterization of a balanced-growth equilibrium with capital taxation.

Proposition C.1. For every balanced-growth equilibrium with capital taxation,

a3

147" = (14N g, (C.1)
1 *

(1+r)(1—8) = ;17 , (C.2)

e =1- 0. (C.3)

Proof. A balanced-growth equilibrium with capital taxation

* * * * * *
_{ ] 17 ] 17kt7Tt>wt>qt76t>Rt}t:071,m

is a competitive equilibrium with capital taxation in which real variables grow at a con-
stant rate *, while the interest rate r* and extraction rate ¢* are constant over time. In a
competitive equilibria with capital taxation the post-tax interest rate received by agents
is the pre-tax gross interest rate (1+7*) multiplied by (1 —#). Repeating an argument by
Becker (1980, 2006), we obtain that a balanced-growth equilibrium with capital taxation
is characterized as follows:

ST =0 (¢ ), t=0,1,...,
1+4" = Bi(1+77)(1—0). (C.4)

Moreover, since in a balanced-growth equilibrium with capital taxation the extraction
rate is constant,

L+rig A (Ko™ (ga\™ a1—1 a:
1= = L) = (1A (L) ()

and we get
T+ = (14N (1 —e). (C.5)

We also have

* A L* ai * asz—1
(14 r%)(1 ) = &1 t“(“l) <@> = (LN (1) -

*
k; €
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and it follows that
1+~

(14+r9(1-0) = o (C.6)
Comparing (C.4) and (C.6), we immediately obtain (C.3). Now (C.2) follows from
(C.3) and (C.6), while (C.1) follows from (C.3) and (C.5). O

It follows that the long-run growth rate, the post-tax interest rate and the extraction
rate in the model with capital income tax are the same as in a model without capital tax.
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