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Abstract

The production of energy from renewable sources is much more intensive in minerals than
that from fossil resources. The scarcity of certain minerals limits the potential for substituting
renewable energy for scarce fossil resources. However, minerals can be recycled,while fossil
resources cannot. We develop an intertemporal model to study the dynamics of the optimal
energy mix in the presence of mineral intensive renewable energy and fossil energy. We analyze
energy production when both mineral and fossil resources are scarce,but minerals are recyclable.
We show that the greater the recycling rate of minerals, the more the energy mix should rely on
renewable energy, and the sooner should investment in renewable capacity take place. We confirm
these results even in the presence of other better known factors that affect the optimal schedule
of resource use: expected productivity growth in the renewable sector, imperfect substitution
between the two sources of energy, convex extraction costs for mineral resources and pollution
from the use of fossil resources.
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1 Introduction

Renewable sources of energy are generally more scattered than non renewable ones. In particular
this is the case of wind or solar energy, as compared to coal or gas. More infrastructure to capture
these renewable sources, and therefore a larger quantity of mineral inputs is required to produce
one unit of final energy from renewable than from non renewable sources of energy.! For instance,
Hertwich et al. (2015) conclude that one unit of electricity requires “11-40 times more copper for
photovoltaic systems and 6-14 times more iron for wind power plants”, than from conventional
fossil generation, as one can see in Figure 1. Concern about mineral intensity of renewable sources

of energy has been expressed in official reports and academic studies.?
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Figure 1: Copper intensity of energy technologies, kg/MWh, from Hertwich et al. (2015)

The objective of this paper is to study how the schedule of energy production depends on mineral
resources, as scarce inputs in the production of renewable energy. We present a theoretical model
and bring along a novel argument in favor of early development of the production capacity for energy
from renewable sources, which relies on the asymmetry between the types of natural resources used
to produce energy services. When a unit of non renewable resource is directly used as fuel to supply
energy services through combustion, as in the case of oil, gas and coal, that amount of resource is
definitely lost. When a unit of mineral resources is embedded in the equipment and infrastructure
used to produce energy from renewable sources, it supplies a flow of energy services over an interval
of time and, at the end of the life cycle of the equipment, it adds to the stock of secondary mineral
resources that can be recycled. Hence some part of the original unit of resource can provide services

in the next period: the higher the recycling rate, the less one needs to extract minerals in the future.

'In the case of intermittent renewable energy, backup or storage capacity requirements exacerbate this difference
in mineral intensity.

2See for instance Vidal et al. (2013), Moss et al. (2013), Ali et al. (2017), Vidal et al. (2017), as well as Arrobas
et al. (2017), European Commission (2017), European Commission (2018), DOE (2013), and the U.S. Presidential
executive order on the Strategy to ensure secure and reliable supplies of critical minerals (Dec. 2017).
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If minerals were not recyclable, they could not be reused — just as fossil resources — and the two

types of resources would be analogous.

While the opportunity to recycle a non renewable natural resource improves the production pos-
sibilities set of the economy, it also requires time as an input in order to do so. From a technological
perspective, recycling first requires to use the primary (currently extracted) resource, in order to
build, with some delay, the secondary (recycled) resource. This technological constraint interacts
with social preferences in determining the optimal schedule of resource extraction and use. To illus-
trate this, let us consider a society, with no preference for the present, where neither extraction nor
recycling are costly, that wishes to maintain the level of resource use constant at a given level over a
finite interval of time. If it is endowed with a stock of a non recyclable resource, it should spread it
evenly over the planning horizon. If instead the resource can be partially recycled, say at a recovery
rate § € (0,1), with some time lag, say ten years, it should use exclusively primary resources during
the first ten years, then reduce the extraction by the rate 1 — § during the following decades. As

compared to the former case, the intertemporal profile of resource extraction is brought forward.

Together, the technological specificity of recycling mineral resources and the relative mineral
intensity of renewable energy provide a rationale for developing more renewable energy infrastructure
in the initial period than in subsequent ones and to choose a larger share for renewables in the energy
mix, as compared to a case without recycling. Our analysis is based on a simplified description of

the economic problem.

In our model, agents value energy services which result from a combination of energy provided
by two distinct sources: the flow of renewable energy and combustion of a non renewable fossil
resource. These sources are more or less good substitutes, either because of heterogeneous uses
(Chakravorty and Krulce, 1994) or because of the intermittent availability of the renewable sources
(Ambec and Crampes, 2019). The production of renewable energy employs specific equipment,
dubbed “green” capital, embedding mineral non renewable resources. Part of the mineral resources
embedded in the current period equipment can be also used in the next periods. The reserves of
the two non renewable resources (fossils and minerals) are scarce.The issue is the timing of their

extraction that maximizes the net present value of the utility from energy services.

The answers we obtain encompass some well known arguments, as for instance that the devel-
opment of renewables should be postponed in the expectations of a productivity improvement of
green capital. But the framework we consider allows us to put forward two original arguments: to
the extent that mineral resources embedded in that equipment and infrastructure can be recycled,
the development of renewable energy should be brought forward in time, and the energy mix should

rely largely on renewable sources.

The assumption of a finite and scarce supply of minerals to build up the stock of green capital
allows us to pinpoint these novel arguments, which rely on the intertemporal dependence in the use of
the two non renewable resources. The analysis would be affected if we were to consider competition
in the use of the global supply of minerals between investment in green capital and other uses.
For instance, in the extreme opposite case, one can assume that the demand for minerals from the

energy sector is so small that it does not affect their equilibrium price. Minerals for investment in
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green capital would then be available at some exogenous marginal cost, breaking the intertemporal
dependence of green capital investment decisions.? Let us emphasize that this is the case in most of
the literature, where there is no direct intertemporal linkage of renewable energy production through
scarcity of embedded non-renewable resources. The plausible case lies in between this extreme and
our framework. Thus the mechanism we point out shall be at work, though its importance should

be evaluated empirically.

Other factors can affect the optimal decision on the timing of investment in green capital. In
particular, mineral extraction should be delayed when endowment in green capital is excessive.? In
the two-period version of our model, we consider several applications and confirm that our original
results hold despite the presence of alternative mechanisms. Choices related to the intertemporal
allocation of scarce resources crucially depend on social preferences, specifically the willingness to
smooth consumption over time. A first factor determining the timing of resource use is the expected
pace of improvement in the productivity of green capital. Faster expected productivity growth tends
to postpone investment in green capital, if the willingness to smooth consumption is high enough.
Yet the asymmetry across resources in terms of recyclability still calls for early investment in green
capital. A second factor is the degree of substitutability between the two sources of energy. Due to
their physical properties or to intermittency, they are considered more or less good substitutes, or
even complements, in providing energy services. We show that the higher the substitutability, the
larger the marginal effects of recyclability on initial green investment and the share of renewables
in the energy mix. In other words, the more flexible is the technology, the more society takes
advantage of the opportunity opened by recycling. This is of special interest given that, under
current technology, substitutability between conventional and renewable energy relies on storage and
that electricity storage capacity is particularly intensive in minerals. A third factor we consider is
the convex nature of resource extraction costs. This consideration points at the benefit of spreading
resource use over time. Yet, even in the presence of convex extraction costs, an improvement in
recyclability calls for earlier use of minerals, thus fostering green investment. Finally, a major
rationale for early investment in green capital is based on the objective to substitute for the use of
fossil energy sources, because it generates pollution. Also in this case improved recyclability fosters
early green investment. Moreover it boosts the share of renewables in the energy mix over both
periods and a reduction in total polluting emissions (i.e. total fossil resource use) for sufficiently
low willingness to smooth consumption.

Our work is related to several strands of the literature. The analytical approach focuses on
the efficient management & la Hotelling (1931) of two types of non renewable resources, fossil and

minerals (Heal, 1993). Much attention has been paid to the case of perfect substitutes, to study

3Moreover, assuming a small role of the energy sector on the market for primary mineral resources, implies that
it cannot affect the market for secondary mineral resources, ruling out of the analysis any potential impact of the
efficiency of the recycling technology on the timing of energy production.

4This endowment results from investment before the start of optimal regulation. In principle it may exceed what
the optimal regulator would have chosen. In this case, the regulator would choose to rely initially only on the
endowment and then, for a few initial periods, only on its recycled part, before beginning to extract minerals to add
to this part. We consider this case reminiscent of investment in photovoltaic capacity in Spain, although it does not
seem empirically plausible (see discussion at the end of Section 3).
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the optimal order of extraction.® Instead, we actually consider the case of simultaneous use of the
two sources of energy, conventional and renewable, in the spirit of growth theory applied to the
energy transition.® Moreover, our results do not rely on the effect of scarcity on extraction costs
and are derived in a deterministic framework.” Our contribution consists of an original argument
concerning the optimal timing of investment in green capital, used to produce energy from renewable
sources. This is related to an extensive literature covering the policies associated with the energy
transition. Among the wealth of arguments that have been put forward, some of which discussed in
the previous paragraph, we recall the following. Amigues et al. (2015) point out that, in the presence
of capital adjustment costs, investment to build the infrastructure for the production of renewable
energy should begin early on and be spread out over time. Vogt-Schilb et al. (2018) argue that early
investment in green capital is particularly valuable in the energy sector because of the long-lived
nature of such capital. Lemoine and Traeger (2014) explain how uncertainty and irreversibility,
due to lagged damages and investment, together affect the optimal timing of pollution abatement.®
Technological progress resulting from learning-by-doing calls for early investment (Kverndokk and
Rosendahl, 2007). As put forward in Goulder and Schneider (1999), the optimal investment in
carbon free capital is affected by the fact that R&D expenditure can be targeted to such technologies.
Boosting early investment may be essential to trigger sufficient R&D to escape a lock-in in the
polluting technology (Acemoglu et al., 2012). This rich literature adequately examines different
aspects of the timing of the energy transition, yet none of them embeds the dependency of renewable

production on recyclable but scarce minerals.

In our analysis, recycling is crucial for the results. The efficient paths of resource extraction and
recycling are considered as early as Weinstein and Zeckhauser (1973), Schulze (1974) or Dasgupta
and Heal (1979). In economies confronted to the limited availability of resources, recycling reduces
the reliance on primary resources and postpones the extraction of resources. This result is extended
in various dimensions, by taking into account the material balance constraint (Pittel et al., 2010)
or technological progress (Di Vita, 2001). A more recent literature considers that recycling, by
linking past and current production, may generate economic cycles (De Beir et al., 2010; Fodha
and Magris, 2015; Boucekkine and El Ouardighi, 2016). Finally, some articles focus on market
failures associated with missing markets for waste and the resulting pollution (Hoel, 1978; Musu
and Lines, 1995). However, none of these works considers the role of recycling in the interplay

between exhaustible resources and energy production. As we show hereafter, recycling of minerals

5See in particular the “least cost first” principle in Herfindahl (1967) and its qualifications (Kemp and Van Long,
1980; Lewis, 1982; Amigues et al., 1998). The case of imperfect substitution across non renewable resources is
considered in Wirl (1988) and Chakravorty and Krulce (1994). Also the case of renewable resources has longtime
been studied as a permanent shift to a perfect substitute (Tahvonen and Salo, 2001; Tsur and Zemel, 2005).

SFor instance Smulders and de Nooij (2003) or Grimaud and Rouge (2008) —where the labor supply is equivalent
to a constant flow of renewable energy—, Pittel and Bretschger (2010), Hart (2019).

"This differs from much of the related literature: the stochastic framework is used to analyze R&D investment
to introduce an abundant substitute to the non renewable resource (Davison, 1978; Kamien and Schwartz, 1978;
Dasgupta et al., 1982), and the stock effect on extraction cost in the analysis of the optimal switching to a backstop
technology (Oren and Powell, 1985 and citations therein).

8Uncertainty and irreversibility is addressed in a microeconomic perspective in Murto and Nese (2002) and Wickart
and Madlener (2007), where a firm optimally chooses the timing for investing in one of two alternative energy tech-
nologies.
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is relevant to the transition to a low carbon economy, given that ”the world cannot tackle climate
change without adequate supply of raw materials to manufacture clean technologies” (Ali et al.,
2017).

We present our model in section 2. Section 3 presents the analysis and the results of the
benchmark case, with infinite horizon and specific functional forms for the utility and the production
functions. Then, we consider in section 4 further issues in a two-period version of the model. First,
we check that the main results hold in this version, then we consider differences in the productivity
growth across the two energy types. Second, we study the role of the degree of substitutability
between energy sources in the production of energy services. Third, we introduce convex extraction
costs for mineral resources. Finally, we take into account environmental damages from the use of
fossil resources. To conclude we give some perspectives, in particular on the determinants of the

recycling rate, from which we abstract in this paper.

2 The model

We study an economy in discrete time, where periods are denoted by ¢ € No.? Let us consider

a representative household, whose utility is a function of consumption of energy services g;:'°

u(q) (2.1)

with v/ > 0, v” <0.
Energy services combine two flows: energy from non renewable resources, x;, and energy from

renewable sources, y;. Formally we write:

@ = Q (2, yr) (2.2)

with @, > 0, Q7 <0 € {x,y}. The degree to which the two types of energy can be combined to

produce energy services may vary from perfect substitutability to perfect complementarity.'!

The energy flow x; is produced transforming the quantity of extracted non renewable resource

ft > 0, which we dub fossil resources, according to the linear production function:

= Aify (2-3)

YWith a slight abuse of notation, for two dates t2 > t1 > 0 we write t € [t1,%2] to refer to ¢ € [t1,t2] N Ny or
t € {t1;t1 + 1;...;t2}. Similarly, we simply write ¢ > 0 for ¢ € Np.

0For the moment we abstract from any influence on the household’s utility from the energy system. In section 4
we assume that utility also depends on the types of energy sources that are used to produce energy services, namely
that the use of one source also generates disutility due to pollution.

" Two approaches can be considered. Either firms sell energy services by using the two types of energy. This is
the case, for instance, of a power company generating electricity out of a differentiated portfolio of power stations,
some based on conventional fossil resources, others on wind and solar power. Alternatively, one can consider that
households directly consume the two resources. For instance, a household endowed of a solar thermal panel and a gas
fueled heater to heat water, can use the two sources of energy as imperfect substitutes due to the intermittent nature
of the former. We analyze the role of this assumption in section 4.2.
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where A; is the exogenous productivity index. Resource extraction is costless.'?> The quantity
of fossil resources is limited, it is initially available in a finite stock F' and is directly reduced by

extraction:

F> th- (2.4)

>0

The flow of renewable energy ¥ is produced employing a specific stock of capital Ky, which we

dub “green” capital, according to the linear technology:
Y = B Ky (2.5)

where B; is the exogenous productivity index. Green capital is built out of minerals. Specifically,
the capital stock at date ¢ is the sum of minerals extracted at date ¢ —the primary resource
my— and the stock of secondary minerals recycled from previous period’s green capital 6K 1.
The exogenous parameter 6 € [0, 1] measures the rate at which minerals embedded in the capital
stock can be recycled from one period to the next. We implicitly assume perfect substitutability
between primary and recycled mineral resources, and the possibility of infinite recycling.'® Defining
K_1 > 0 as the stock of minerals embedded in the capital stock before date 0, and assuming a

constant recycling rate, the history of mineral extraction determines the stock of green capital:'

t
K=K 6™ +) m6. (2.6)
7=0

Notice that with exogenous efficiency of the recycling technology, the parameter § can be interpreted
as the complement of the depreciation factor of capital in a standard accumulation process. An
increase in the recycling rate could be equivalent to a decrease in the depreciation rate. Nevertheless,
in our case, investment here consists of mineral resources, differently from the standard notion
of capital.'® Therefore, green capital is limited by a threshold determined by the total stock of

resources. Minerals are non-renewable resources, initially available in a finite stock M. Primary

12We consider costly extraction in section 4.3.

131n this article, we do not take into account the cost of waste recovery and processing and the lower quality of
recycled resources. Di Vita (2007) takes into account imperfect substitutability between the non-renewable resource
and recycled waste in the production process. He analyzes the economic growth rate and the time profile of resource
extraction. Lafforgue and Rouge (2019) assume that the quality of recycled materials evolves and could make them
ultimately unproductive. Like these authors and much of the literature, we also restrict our analysis to the case of an
exogenous recycling rate.

11n practice, both types of energy sources require specific capital embedding some mineral resources. Our focus
is the asymmetry in mineral intensity between the specific capital for each energy source. We therefore adopt the
extreme assumption that only one energy source relies on the specific capital, so as to simplify the analysis, without
loosing in the qualitative features of our model.

'5In the standard approach, investment results from non consumed output. In our setting this could consist of
energy services not devoted to their consumption g;. Instead under our assumption, the stock of green capital consists
of a stock of productive mineral resources.
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extraction is constrained over time by'6

M= my (2.7)

t>0

In our framework the distinction between fossil and renewable sources of energy hinges on the
recycling rate of minerals §. If minerals were perfectly recyclable, i.e. § = 1, it would be possible
to produce forever a flow B;M of renewable energy, once the specific equipment had been installed
at its maximum potential. If minerals were not recyclable, i.e. § = 0, they could not be used twice
—just as fossil resources— and the two types of resources would be analogous.

We analyze optimal trajectories, assuming that a benevolent planner chooses the path of resource
extraction that maximizes intertemporal discounted utility of the representative household, subject
to technology constraints and resource dynamics. It applies a social pure discount rate p > 0 and

solves the following problem

1
(P): iy o)

subject to (2.2) — (2.7) and f;,my >0
with M, F, K_; given.

3 Optimal energy production with infinite horizon

In this section, we further specify the production and utility functions, in order to be able to
characterize the optimal policy by closed-form solutions. Specifically, we assume a unitary elasticity

of substitution between fossil and renewable energy

Q (ze, ) = xfyy © (3.1)

with o € (0,1). Moreover we restrict the analysis to the case of constant and equal productivity,

and set Vit A; = By = 1. We also assume a utility function with a constant elasticity of intertemporal

substitution of consumption'”

1 1—
€ 2

u(qr) =

with € > 0.
These assumptions imply that the extraction of fossil resources is always positive, i.e. Vt, f; > 0.
In fact, if f; = 0 at some t, ¢ = 0, which is suboptimal since the marginal utility of ¢ is infinite

at ¢ = 0. The reasoning applies to green capital, so that V¢, K; > 0. The same argument applies

16 As explained in the Introduction, this is a crucial assumption for our analysis. The results concerning the role
of the mineral recycling rate for initial green investment and the energy mix change drastically if, instead of (2.7),
one considers a perfectly elastic supply of m: at some exogenous marginal cost representing the relative intensity in
minerals of renewable energy production as compared to conventional energy.

"The elasticity of intertemporal substitution of consumption equals 1/¢. For € = 1, u (¢:) = In g;.
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to the extraction of mineral resources in absence of recycling, that is V¢, m; > 0 if 6 = 0. In this
special case the economy relies on the use of two non-renewable resources as imperfect substitutes
for consumption. Along the optimal path, the input ratio is held constant and equal to the relative
resource endowment, i.e. xy/ky = fy/m; = F/M. The extraction of the two non renewable resources,
as well as the production of renewable energy and consumption, decline at the common pace dictated
by the factor (1 + p)_ﬁ.18

When instead the equipment for the production of renewable energy is recyclable, i.e. if § > 0,
the argument does not apply to the extraction of minerals. In fact, the production of renewable
energy could be positive, i.e. y > 0, at some date ¢ even in the absence of contemporaneous
extraction of primary mineral resource, i.e. even if m; = 0, to the extent that the specialized
capital stock was positive in the previous period, K;—1 > 0, and it would be precisely equal to
yt = 0Ky 1 > 0.

There are two distinct potential reasons for shutting down the mine at some finite date. First of
all, the opportunity to recycle minerals embedded in capital introduces an incentive to put forward
the extraction date. To see this, consider the extreme case of a 100% recycling rate, i.e. § = 1.
In this case, given our assumption of costless extraction, there is no gain from leaving any mineral
resource underground for future use. It is clearly optimal to choose mg = M and m; = 0 for any
t > 1. In our analysis we take into account the possibility that along the optimal path extraction
comes to an end in finite time, and denote by ¢ the last period during which extraction is positive.
Second, there may be situations where it is preferable to initially keep mines closed and begin
extracting only at some later date. This is the case when the economy is endowed of a large initial
green capital stock, but only a relatively small stock of primary mineral resources. By choosing
m¢ = 0 over an initial interval [0, ), one can delay the use of the limited resource stock M to periods

t > t, while keeping the renewable energy input for consumption at rate y; = K_16*! for ¢t < t.

We therefore search for the extraction paths of the two resources, such that V¢ f; > 0, Vt € [L, ﬂ

18This sub-case is embedded in Proposition 1.
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my; > 0 and otherwise m; = 0, where periods ¢ and  have to be chosen.'® The planner’s problem is

t—1 l—e

- < 1 >t ff(5t+1K_1)17a

1+p 1—¢

max
m
Jt, £

1 ‘ 1—a\ 1€
fo (K + X, 8T, )

+§:<1Jlrp>t o (3.3)

l—e

- - _ -«
oo < 1 )t ftOt ((5t+1K_1 + 6t_t Zf—:é (5t_7-m7—)

1—¢

where A\, v > 0 are the values of the fossil and mineral resource stocks respectively.

The optimal policy is characterized by the following.

Proposition 1. The unique trajectories solving problem (3.3), are of three types depending on

wiatial capital and resource stocks, and on preference and technological parameters.

1. If the technological efficiency of recycling is above the modified social discount factor r, i.e. if
1 —
d >r:= (14 p) =, the mineral resource is exhausted in the first period, i.e. t =t = 0, while

the fossil resource is extracted at an exponentially declining rate

fi=F(1—R)R (3.4)

1
where R = (W) trali=e) , for all t > 0.

2. If instead § < r, both mineral and fossil resources are exhausted over the infinite horizon.

There are two distinct types of trajectories in this case.

(a) If the stock of primary mineral resources is abundant relatively to the stock of green
capital available in the first period, i.e. if % > %, both fossil and mineral resources
are extracted at all periods, i.e. t = 0 and t = oo, and from the second period onward
their extraction falls at a common exponential rate, dictated by the modified discount
factor, r. While fossil resource extraction declines from the first to the second period

according to factor r, the extraction of the mineral resource between the first and second

9Tn our deterministic framework, the optimal policy rules out any path with intermittent extraction of minerals.
This is demonstrated in Appendix B.1, but intuitively, the Bellman principle of optimality implies that if along the
optimal path extraction comes to an end at Z, it is not efficient to open again the mine at some later period ¢ > 7.
Suppose in fact that it is optimal to chose m; > 0. It makes sense to keep m;_; = 0 at £ — 1 only if the capital stock

K is considered too large given the remaining stocks of resources F' — Zi;t - and M — Zi;lt m~-. But these stocks

are optimal, since they result of the extraction paths f; and m: up to date £ — 1, assumed to be optimal. Hence, K;
cannot be considered excessive. This contradiction shows that our premise, according to which it is optimal to chose
m; > 0 when m;_; = 0 is optimal, is wrong. Mutatis mutandis the argument holds for the interval [0, ¢).
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period follows my = (r — &) (mo+ 6K_1) = (r — ) Ko. The optimal extraction path is

Vt>0, fi = (1—r)Frt (3.5)
t=0, mo = (1—r)1]\_45<1—71’:i”]\{4‘1> (3.6)
VtE>0, my = (1—r) 1]\_45 (1+5[§\;> (1—i) rt (3.7)
(b) If instead % < %:i, extraction of the mineral resource is delayed, i.e. t > 1 andt = oco.

The optimal t is the lowest non-negative integer at or above the value In (# l%g) /Ind.
—-17T

Owver the first interval of time fossil resource extraction declines according to the factor R.

From t + 1 onward, the extraction of both resources falls at the common rate r. Between

period t and t+1 the extraction of fossil resources declines at rate r while that of minerals

follows myy1 = (r — &) (my + 6T K_1). In this case

1— Rt t "1
ve<t, mg = 0 ; ft:<1_];+r(t)1r_r) FR! (3.8)
1— Rt ¢\t
Vt>t, fi = <F(t)1_R+1T_r) Frt (3.9)
M — 6 0K_
t=t, my = (1—r)1_5<1—5t71”_f5M1> (3.10)
L—r t+1 O\ it
Vi>t, my = 1_5(M+5f K_y) 1—; i (3.11)

(1—a)(1—¢)

. rd(1—0)K_ 1—a(l—e)
where I' (t) := ((1—r)((M+§£+1;(_1)) )

Proof. The detailed proof is in Appendix A and B.
O

Let us explain the optimal trajectories of resource extraction and energy production specified
in Proposition 1 and comment on them.

First, notice that the Hotelling principle for the efficient management of non renewable resources
applies to our framework. When the optimal policy maintains a constant input ratio, consumption
falls at the same rate as the common rate driving the decline in resource extraction. Say that ¢
declines at a factor g € (0,1), i.e. g+1 = gg;. Then the value of a marginal unit of the resource mix
increases at rate pir1/pr = g~ °. Along the optimal trajectory from period 1 onward in case (2.a),
or from period t 4+ 1 onward in trajectory (2.b), the optimal path of resource extraction implies

€ = 1+ p: the value of a marginal unit of resource increases at the

g = r, therefore pyy1/pr = r~
pure discount rate, as in Hotelling (1931).2
Second, the asymmetry between the two types of resources, concerning the possibility to recycle

them, implies a difference in their optimal extraction paths. To see this let us focus on the case of

20, is the marginal value of energy services, to which the marginal values of mineral and fossil resources extracted
are proportional.
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moderate recycling (§ < r) and no endowment of green capital (K_; = 0), a sub-case of (2.a) in
Proposition 1. In this case, the initial ratio of resource extraction fy/mg equals the initial input
ratio fo/Koy. As previously argued, without recyclability, it is optimal to choose fo/mo = F/M,
according to the relative resource endowment (set K_; = § = 0 in (3.6) and compare to (3.5)).
When green capital can be recycled, but K_; = 0, we see from (3.6) that the extraction and
input ratios are initially biased toward more intensive use of minerals fy/mg = (1 — ) F/M. This
first period choice is the same as the one made in an economy endowed of a larger stock of non
renewable and non recyclable mineral resources of size M:=M /(1 —9). The stock M is the initial
endowment adjusted for recycling and measures the maximum feasible amount of mineral inputs
that can be used in the production of renewable energy over time, i.e. M = Yoo 0" M obtained
by extracting all minerals in the first period (¢ = 0 and ¢ = 0). This observation points to the
fact that the possibility of recycling the mineral resource embedded in green capital is equivalent
to an endowment of a larger stock of mineral resources. Since, due to § > 0, mineral resources
are relatively more abundant, the constant input ratio f;/K; is optimally chosen lower. However,
the ratio of resource extraction f;/m; can only be kept constant from period 1 onward, if mineral
extraction is adjusted at date 0 to account for the absence of recycled resources at that date. In so
doing, the input ratio f;/K; remains constant. As a consequence the ratio of resource extraction,

fi/my, is increased after the initial period.?! The following statement summarizes this analysis.

1
€

Corollary 1. When K_1 =0 and d <r:= (1 + p)” =, the solution of problem (3.3) implies that the
larger is the recycling rate § € [0,7), the more intensive in renewable energy is the constant input
ratio, the greater is the extraction of minerals in the first period and green capital at every period,
the more are extracting activities concentrated on minerals initially and on fossil resources from the

second period onward.

x F — r F
VtZOft:ﬁ:x ;o mo=01—-r)M VtZlﬁz = . (3.12)

w Ky M my T =00
Proof. The value of gno is an application of (3.6) in Proposition 1. We have ngo = % >0, dﬁf = d;’g“ rt >0
and d;’:;t = — (}:g) Mrt < 0. The result on the input ratio holds because, as argued in the main text f;
and K; grow at the same rate r at any date. Applying results for the case (2.a) in Proposition 1, we get the
ratio of resource extraction for t > 1. Thus %{Smt = 1"(::632 % > 0 and % < v{T: fort > 1. OJ

Figure 2 illustrates the optimal paths of extraction of mineral and fossil resources, of green
capital and consumption.?? It represents the cases of two economies differing by the recycling rate
0 under the assumption of case (2.a) where r > § and no green capital endowment. According to
(3.5) fossil extraction does not depend on §. We can see that the dynamics of mineral resource
extraction m is qualitatively affected (the two curves cross each other), while that of consumption

q and green capital K only shift upwards in levels with the rate of recycling.

'K 1 = 0 implies fo/Ko = fo/mo. From case (2.a) in Proposition 1 Vt > 1, fi/my = fir1/mut1, and fi/m; =
rfo/ ((r — 6) Ko). Hence the upward jump in the extraction ratio from period 0 to period 1: fi/m1 > fo/mo.

220ur benchmark calibration is p = .04, § = .5, a =.7, K_1 =0, M = .5, F = 3, J,QK% = 4. We choose ¢ = .2
for an illustrative purpose, since most of the dynamics takes place over the very first periods in this case.
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Figure 2: Resource extraction, green capital and consumption paths for two different recycling
rates: continuous lines for 6 = 0.5, dashed lines for § = 0.1 (see calibration footnote 22).

The results in Corollary 1 have relevant policy implications. On the one hand, the empirically
grounded observation that the production of renewable energy relies on the use of specific non
renewable resources, namely minerals, suggests that the economy is poorer than it would be if the
renewable energy could be produced out of non exhaustible inputs. From this point of view, the
observation points to a limitation of renewable energy as a factor to overcome the limits to growth.
In terms of our framework, this argument is represented by the lower value of welfare ceteris paribus
when 6 < 1 than when 6 = 1.?2 This observation provides an argument stating that the potential
production of renewable energy is more limited than generally thought. We refer to this argument
as the pessimistic stance.

On the other hand, our analysis illustrates that the possibility to recycle minerals embedded in
green capital makes it preferable to choose an energy mix composed of more renewable energy and
less conventional fossil resources. Hence, adding a plausible assumption on the recycling technology
to the same empirical observation, we provide a pro renewable energy argument, partially countering
the pessimistic stance.

Moreover, we present an original argument in favor of a pro active renewable energy policy. We
show that for a given amount of mineral resources to be devoted to the production of renewable
energy, we should skew extraction toward the present the greater the recyclability of minerals. In
other words, because minerals are recyclable and fossil resources are not, we should develop as soon
as possible the green capital embedding the minerals, that allows us to produce renewable energy
and to substitute for conventional fossil energy. This is found in Corollary 1, as well as in the

extreme in case (1.) of Proposition 1 where minerals are entirely embedded in green capital from

#31n fact, welfare always increases with § (online Appendix H).
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Figure 3: Resource extraction, green capital and consumption paths for two endowments in green
capital: continuous lines for K_; = 0, dashed lines for K_; = 1.5 (see calibration footnote 22).

t = 0. Notice that this original pro active argument is grounded on the same empirical observation
underlying the pessimistic stance. It relies on the flexibility in scheduling resource use typical of the
management of non renewable resources. In fact, putting forward the potential of future production
of renewable energy is off the production possibility set in commonly used models with renewable
and non renewable sources of energy (e.g. Moreaux and Ricci, 2005).

Our discussion above abstracts from several potential reasons for putting forward or for post-
poning investment in green capital. In the next section we review a few of them. The framework
in Proposition 1 provides already a possible reason for delaying investment. It could be that at
the start of the planning horizon, the economy has inherited of a large stock of green capital. If
previous investment decisions were not optimal, and inefficiently biased toward renewable resources,
the resulting stock of green capital, and thus of secondary mineral resource available in the first
period, could exceed the desirable initial stock of capital for the first period. This corresponds to
case (2.0) in Proposition 1. Figure 3 shows how the optimal paths of four endogenous variables —ex-
traction of fossil and mineral resources, green capital, and consumption— vary with the endowment
of green capital. The level of this endowment is chosen to represent the qualitative features of cases
(2.a) and (2.b) in Proposition 1. In the latter case it is optimal to delay the extraction of mineral
resources (as t > 0). Nevertheless, in this case, production of renewable energy is initially quite
high, and actually higher than socially desirable. In practice, this case may be of little relevance.

Two further remarks on case (2.b) are worthwhile. First, over the interval of time [0, ¢) the stock
of green capital declines at rate ¢ instead of the socially desired rate r > §. Though abundant,
green capital is still valuable because productive, and it is therefore used at full capacity. As a

result though, over this interval of time, the rate at which fossil extraction decreases is adjusted
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and differs from the one prevailing in presence of mineral extraction.?? A similar adjustment to
the extraction of fossil resources applies in case (1.) of a sufficiently efficient recycling technology.
Second, the marginal effect of an increase in the recycling rate § is more complex in the case (2.b)
of Proposition 1 than in the case (2.a) treated in Proposition 1. On the one hand the same forces
presented in Corollary 1 apply. Yet now, a countervailing effect operates through the fact that
more secondary mineral resources are made available by the increase in d over the initial interval
[0,¢). The beginning of extraction may be delayed, and the initial extraction of mineral resources

§.25 That being said, in general, the higher the recycling rate, the higher the

may decline with
optimal initial extraction of minerals, and the lesser the subsequent ones, unless reserves M are
very low as compared to endowment in green capital. Indeed, the higher the recycling rate, the
more abundant are resources in the future. This weakens the trade-off between present and future
consumption, allowing for earlier extraction. However, absent sufficient reserves for the future,
another effect dominates: the higher the recycling rate, the more one benefits from past investment
in green capital, and the less one needs to extract minerals in the future. In practice, we argue that
recoverable resources M is one order of magnitude larger than green capital K_; for base metals
(Singer, 2017), so we can reasonably assume that the realistic case is the case (2.a),%% with K_; ~ 0

and t = 0.

4 Extensions in a two-period model

In the previous section, we analyzed how the asymmetry in recyclability between inputs used in
the production of conventional vs. renewable energy affects the optimal timing of energy production.
In this section, we consider other factors affecting this timing, and in particular initial investment in
green capital mg and the energy mix. In order to develop these extensions in a clear and tractable
way, we consider the two-period version of the model presented in section 2, with ¢t € {0;1}. We
check the validity of the following results in a number of extensions. First, the existence of a
threshold on recyclability of minerals such that primary mineral resources are exhausted in the first
period, for § above the threshold, as established in Proposition 1. Second, the fact that, for  below
this threshold, a marginal increase in recyclability fosters first period mineral resources use and
investment in green capital (i.e. dmgy/0d, 0Ky/06 > 0), and makes the input ratio more intensive
in renewable energy (9(fo/Ko)/08 < 0), as established in Corollary 1.27

Z4More precisely, we deduce from Appendix C that the optimal rate of decay for fossil extraction is the closest one
1

between r and R from the pure discount factor T4

BWe have P > 0 = VWt >, P <0 = M>6£K_1(%(§+1)—6) and % = o -

M
kT <

1”( 7 3«:§>/5 n2(5). One can check that, even in the range of parameters of case (2.b) (§ < r and ;:f) both
signs are possible for each of these derivatives.

26Indeed, § > r does not seem realistic. An upper credible value for the pure discount rate p is 0.05, while the
inverse of the elasticity of intertemporal substitution € can reasonably be assumed higher than 0.5. Combining these
conservative figures gives a low estimate for r: 0.9. Taking more common values for p and ¢ would yield an even
higher threshold r, so that for any realistic value of the recycling rate 4, it is extremely likely to have § < r and to be
in the case where the optimal path is an endless extraction.

2TThese are the main original and policy relevant results of our analysis. In the versions of model presented in this
section, second period outcomes are affected by the fact that it is the last period in a finite horizon with non renewable
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To begin with, we show how the results adjust to the finite horizon case, studying the benchmark
case with constant relative risk aversion (CRRA) utility function. We disentangle two mechanisms
by first studying the sub-case of a logarithmic utility, then discuss the role of the preference for
intertemporal consumption smoothing in the optimal timing of energy production. Within this
simplified framework, we study how expected technological progress, such as improved productivity
of minerals in renewable energy equipment, affects the optimal investment in green capital. We
move on to consider alternative assumptions on the production technology concerning the degree of
substitutability between energy services provided by the two types of resources within each period.?®
Next, we consider the role played by convex extraction costs in determining the optimal time of
investment in green capital. Finally, we allow for environmental damages from the use of fossil

resources, which also affect the optimal path of resource use.

4.1 The benchmark model with technological change

Let us consider first the case with CRRA utility function, Cobb-Douglas production function
and non constant productivities of resource inputs. In a two-period setting the planner’s problem

is as follows:

qé—e 1 q%—a
l1—¢ 14pl—c¢
q = (Acfi)* (BiKy)' ™t € {0;1}
Ky=mg, K1 =mq+dmyg (4.1)
ot i F

mo+mp <M

max

with mg, m1, fo, and f; > 0, where o € (0,1) and € > 0 (log utility for ¢ = 1).

Proposition 2. The unique trajectories solving problem (4.1) are of two types. If § < 5= #}

1 q 1—¢
i — <1) , (4.2)
I+p \q

it is optimal to extract the mineral resource in both periods, as follows

where

1 ~ ) ~
1 135 1 r
mo 1—1—/7:: ; my 1_1_77 ) fO 1_1_77 afl 1+;‘« ) ( 3)
implying )
l—-a| e
q1 A\ <31> _1 l—a
" ( AO) o (1+p)t(1—0) (4.4

resources. Hence the results we obtain for second period outcomes are less interesting and robust, that those for mgo
and fo/Ko on which we focus.
28 Alternatively, this can be interpreted as a feature related to preferences.
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bl F K _ ~ )
Moreover fO = I }211 = g7 and 7t =7 (1—6). Therefore <55& > 0,

M<O daKl/K°<0

dfo/ K Ofi/Ka _
5 <0, =+ =0,

If 6 > 5, where & is defined using (4.2) and (4.4), the mineral resource is exhausted at date

0. The optimal resource use is my = M, my = 0, fy = 1+CF and f1 = 1JFCF where ( =

1
11—« 1—a(l—e) « 11—« l—a(l—s) l—a
AN\ (B 1 s(1—a)(1—¢) a _ (A B 1 Toa(i—o)
<(Ao> (B()) 1+p5 . In this case m I Be T §l-all-9

instead of (4.4). Henced(qiliéqo) >0, while‘g—g <0 ,% >0ife<1 but% >0 ,‘flf—g<0 ife>1.
Proof. See Appendix D. O

From (4.2) and (4.4), 7 is the ratio of the present value current utility from energy consumption
when § < 0. Hereafter, we refer to this ratio as the gross social discount factor. Let us begin
by considering the sub-case without technological progress (A;/Ay = B1/By = 1). Moreover, first
consider the case of logarithmic utility (¢ = 1). In this case, the threshold value of the recycling rate,

6= is independent of the recycling rate and relative resource abundance, since 7 is equal to the

2+ ’
pure discount factor ﬁp (see (4.2)). When 6 > 4, all mineral resources are extracted and used in
&7
the first period, i.e. mg = M, and the decline in energy consumption is given by g—é = (ﬁlp) sl-e

and increases with 4. Otherwise, for ¢ below the threshold minerals are extracted in both periods

and consumption of energy services declines at Z—é = (1-— 5) , a decreasing function of 4. In

T+p
this case, the higher the rate of recycling, the earlier th;r lt)lse of primary mineral resources, the larger
the initial investment in green capital, and the more intensive in renewable energy is the input ratio
in the first period. These three results confirm those in Proposition 1 and Corollary 1.

Other results differ from the case with infinite horizon. First, the input ratio in the second
period does not change with the rate of recycling. This difference is not surprising, since there
is no advantage from recycling mineral resources used in the second period in a setting where
there is no future period to use recycled resources (i.e. no third period). Second, as noticed,
when § < 4, energy consumption declines at a faster pace the greater is the recycling rate, while
this rate of decline is unaffected by § in the infinite horizon case. Improved ¢ tends to increase
q1/qo for unchanged intertemporal resource allocation. Yet, it also makes it more interesting to
extract minerals in the first period, reducing q;/qo. This second substitution effect dominates the
former when § < 4. Finally, a higher § affects q1/qo through the positive income effect that calls
for an intertemporal reallocation of mineral and fossil resources, according to social preferences
on consumption smoothing, to which we turn our attention below. Notice that in this case with
logarithmic utility and Cobb-Douglas production functions, the opportunity to recycle mineral
resources does not affect the use of fossil resources.

As a second step, consider the case € # 1 to study the role of preferences with respect to
intertemporal consumption smoothing, in determining the timing of resource use and investment
in green capital. We find that, when § < §, the decline in energy consumption (4.4) is a decreasing
function of §, more so the smaller is ¢, i.e. the greater the elasticity of intertemporal substitution,
1/e. An improvement in the recyclability of minerals brings forward mineral resource use more

so the least adverse to variability in the consumption over time is the representative household,
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and as a consequence the larger is the downward adjustment in optimal consumption. Since 7 =
1—¢

(1+ p)_% (1—-0)= (1=a) (from (4.2) and (4.4)), the gross discount rate is affected by e through

two channels. First, the pure preference for the present, p, which directly affects the gross discount

factor and therefore the timing of consumption and thus of resource use. Second, the gross discount
factor is affected by the prospective decline in consumption, given by (4.4), itself influenced by the
recycling technology for green capital. The expected decline in consumption tends to decrease the
gross discount factor if € is smaller than unity, i.e. for high elasticity of intertemporal substitution
of consumption 1/e, and vice versa. As a result, the resource use tends to be brought forward,
thus f1/fo and mi/mg to decrease. It is worthwhile noticing the asymmetry between the two
resources. Inspecting (4.3) we see that a marginal increase in ¢ exerts two effects on mg, a direct
one and an indirect one through 7. As established in Proposition 2, the former force dominates, so
that an increase in ¢ reduces the ratio mj/my, bringing forward mineral resource use and boosting
investment in green capital during the first period, whatever . Nevertheless, the impact is smaller
the larger is the willingness to smooth consumption over time if € > 1, and vice versa, because of the
above mentioned increase in the gross discount factor. In the case of fossil resources instead, only
this indirect effect running through the gross discount factor is at work, so that the optimal fossil
resource use is delayed (f1/fo increases) if € > 1 but it is brought forward (declines) if ¢ < 1. If we
interpret the objective of the planner as a welfare function across two generations, the parameter
determines inequality aversion. While an increase in § implies a sharper decrease of consumption

across generations, the size of this change is milder the higher inequality aversion.

Our analysis shows that preferences with respect to intertemporal substitution in consumption
possibilities play an important role in determining the optimal timing of resource use and invest-
ment in green capital. However, the original mechanism underscored in this paper, based on the
asymmetry between the two types of resources, is still crucially at work in determining the opti-
mal timing of investment in green capital, making it preferable to bring forward investment as the

efficiency of the recycling technology increases.

Finally, consider the effect of expected technological change. The asymmetry on the optimal
timing of resource use implied by the possibility to recycle minerals embedded in green capital
is unaffected, since the results concerning the role of parameter ¢ hold independently of B;/Bj.
Nevertheless, in the case of an interior solution (§ < 5) prospects of technological progress do affect
the optimal timing in resource use and investment in green capital, through their influence on the
optimal rate of growth of energy consumption (4.4). Expected improvements in the productivity
of green capital, i.e. By > By, lead to higher consumption growth 0 (¢q1/qo) /0B1 > 0. This, in
turn, exerts wider effects, according to the attitude toward consumption smoothing. If ¢ < 1, slower
decline in energy consumption increases the gross social discount factor 9r7/9By > 0, and therefore
delays the extraction of mineral Omgy/0B; < 0 and fossil 0fy/0B; < 0 resources, while raising the
threshold value on recyclability of minerals 6(5~/ 0B1 > 0. The opposite consequences apply if € > 1.

In the analysis hereafter we abstract again from technological change and assume again Vit
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4.2 Substitutability between energy services from different sources

Until now, we have assumed the specific Cobb-Douglas form (3.1) for the production function
of energy services (2.2) combining services from fossil and renewable energy. This assumption
simplifies the analysis, but there is no reason to believe that these two types of energy services are
substitutes among each other with a constant and unitary elasticity of substitution. Thinking of
electricity as an homogeneous good, one might consider that the elasticity of substitution is much
larger than unity. Alternatively, one might view renewable and conventional sources of energy as
quite imperfect substitutes in providing energy services, due to the intermittent availability of some
renewable sources of electricity, or to physical properties (weight, density, caloric power) of some
fossil sources of energy, making them drastically more efficient in some uses other than electricity

production (e.g. air transportation).

The degree of substitutability between the two types of energy services may affect the optimal
timing of investment in green capital. To see why, consider the heuristic extreme case without recy-
cling, nor discounting, and completely inelastic preferences over the intertemporal consumption path
of energy services (¢ = c0). The objective is maximized by keeping constant at ¢, = @ (%F, %M ),
whatever the elasticity of substitution between the arguments in function @ (.). If this elasticity
is nil, it is optimal to use half of each resource per period. If the elasticity of substitution is very
large, then there is a continuum of combinations of fossil and minerals (green capital) that maxi-
mize welfare, and therefore some minerals can be used in the first period to build up more green
capital, mg > %M (though leaving welfare unaffected). Introducing recycling of green capital into
the picture, the latter feature changes: welfare may be increased by bringing forward investment
in green capital. In doing so, the secondary resource stock of minerals increases, so that renewable
energy services in the second period decrease by less than their increment in the first period. This
potentially beneficial role of recycling is less valuable in the case of moderate possibilities for substi-
tuting between the two types of energy services. In the limit, if the latter are perfect complements,
bringing forward mineral extraction does not create additional value and the optimal resource use
is unaffected by . This discussion suggests that the elasticity of substitution between the two types
of energy services interacts with the preference parameters, namely the elasticity of intertempo-
ral substitution of energy consumption, in determining the optimal timing of investment in green

capital.

o—1 o=1\ o—1
Modifying the planner’s problem (4.1), by substituting ¢; = (aft c +(1l-a)K,° > for

@ = (Auf)® (BK;)' ™ with ¢ > 0, we find that the interior solution (i.e. m; > 0) holds if the

recycling rate is below a threshold, i.e. if § < %ﬁ , where we extend the definition of 7 as

(1-96)

() @)

In this case, efficient resource extraction is defined by (4.3) but for the following?”

follows

29Gee Appendix E for the derivation of the results presented in this sub-section.
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Figure 4: How the solution varies with the efficiency of the recycling technology in the case of a
CES production function for energy services (see calibration footnote 22).

| — F1-8)" -8 —
147 (1 4) 14+ 7(1—4)

and the intertemporal energy consumption ratio 271)

G <Z(1) > - (Zé)w (1+p)7 =0 (4.7)

is implicitly defined as the solution of

where

_ o-1\ o1
o— o= 14+p)~7 ‘
aF5 +(1-6)°" ' (1—a) M5 G 1>, 04
. <q1 ) _ 1=+ (L) (1) 7 (1-6)°
q07 o—1

l—co -
a— g— 1+ a1 14+p)~° g
aF T +(1—a) M (‘ZOI)_M )
1=+ (2) 7 (1) 7 (1-0)°

8f°/K0 <0,

As shown in Figure 4, the numerical solutions confirm that 8m0 >0and 6 <46 =
hence that our argument applies also in this case.?* The solutlon changes with o: the marglnal
impact of  on the initial investment in green capital and energy mix is stronger as the elasticity
of substitution between energy services increases. Moreover, this dependency is positively related
to the elasticity of intertemporal substitution, 1/¢. These findings confirm the heuristic argument
developed in the previous paragraph: the flexibility in combining the two types of energy services
affects the optimal timing of green investment and the optimal energy mix when green capital can
be recycled. Specifically the more flexible are the preferences and the technology, the more society
takes advantage of the opportunity opened by recycling. Yet, our original argument favorable to

early investment and to the intensity in renewables of the energy mix apply in this more involved

39The sensitivity analysis confirms that these results are robust. In particular, they hold for all combinations of
o € [0.1,10.1] and € € [0.1,6.1]. The code used for this and the other numerical results, including the Figures, is
available on-line with the supplementary material.
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setting. To the extent that much of the relative mineral intensity of renewables is linked to the
electricity-storage technology and the aim of the latter is precisely to improve the substitutability
between conventional and renewable sources of electricity, our argument is somewhat reinforced by

the analysis, though of course it assumes both parameters as exogenous.

4.3 Convex extraction costs

So far, in our analysis we ruled out extraction costs. If the marginal costs of producing fossil
and mineral resources increase with the extraction rate, the optimal timing of resource use, thus
of investment in green capital, should be affected. In order to show this in a clear-cut way, we

31 We focus on the

present a variant of our two-period model where fossil resources play no role.
optimal solution with full exhaustion of the minerals stock and m; > 0,32 and consider the following

planner’s problem:

1 1

1 _
max m(l) ¢

1— C 1 1 C 1
T—; +1+p1—5(M_(1_5)m0> ‘- myt — —— (M —mg)'™

1+ 1+pl+7y

where ¢, v > 0 are the extraction cost parameters, and minerals are exhausted m; = M — mg. The

first order condition is

1-6

(M = (1—8)mg)™ = ¢ (m7 LIV m0)7> _C(my)  (4.8)

P (mg) :==mg ¢ -
(0) 0 1+p

0 _1+p

P (mp) measures the present value of the marginal utility generated by first period mineral ex-

traction. It is a monotonically decreasing function of mg, taking values +oo for mg = 0, and
1N\ —1
M~—¢ (1 - %6‘5) for mo = M. It becomes nil at m{ = <1 -+ <%> 6) M. C(mg) mea-

sures the present value of the marginal cost of extraction at date 0. It is an increasing func-

tion of mg, from M7 for mg = 0 up to cM?” for my = M. It becomes nil at m§ :=

1
01+p

1 1\ 1
(ﬁp) K <1 + (ﬁ) 7) M. Therefore, if the two schedules cross in the space (mg, value) for

mo € [0, M], they do so only once. We conclude that, if (1 — %5*5) < e¢M7 T, there exists a
unique value of my satisfying (4.8).

How does the presence of convex extraction costs directly affect the timing of mineral resource
use? Does it affect the role played by the efficiency of the recycling technology of minerals embedded
in green capital on the timing of investment in green capital?

To answer the former question, consider the present value of the marginal extraction cost of
mg. Notice first that when v > 0 and in the absence of discounting p = 0, this cost is minimized

by smoothing completely resource extraction mg = m; = %M . Under discounting, instead, this

31In practice we assume o = 0 to simplify the analysis and the notations. Numerical solutions suggest that the
qualitative results extend to the case of an optimized use of finite fossil resources: this has been verified for the
benchmark calibration (see footnote 22), with ¢ =1, v = 2, and ¢ varying from 0.1 to 3.1.

32Tn the case of extraction costs for minerals, it is not necessarily the case that the stock M is optimally exhausted.
This is the case only for costs sufficiently low. Extraction costs are in turn partially endogenous. Here we focus the
analysis on the first order condition.
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intertemporal smoothing is partial and C' (mg) is minimized by partially shifting resource use to the
future, i.e. mp = m§ < my = M — mg since p > 0. These two features provide the rationale for
smoothing over time and partially delaying resource extraction when the marginal extraction cost
is an increasing function of the extraction rate. Notice that these considerations intervene in our
problem on the right-hand-side of (4.8), and are not directly affected by the possibility to recycle
minerals, on which hinges the original mechanism put forward in this article. This remark provides
the answer to the second question above: a marginal improvement in ¢ increases the present value of
the marginal utility generated by first period mineral extraction and leads to an increase in optimal
mo, and investment in green capital, for any given schedule C (mg).%?

We have shown that, although convex extraction costs introduce an economic incentive to smooth
and actually postpone extraction of minerals, and therefore the build-up of the green capital stock,
our original mechanism due to the possibility of recycling minerals embedded in green capital, is still
at work, since it introduces a specific incentive to bring forward ceteris paribus minerals extraction

and investment in green capital.

4.4 Environmental damages from using fossil resources

One of the main reasons underpinning the development of renewable energy production capacity
around the world is the general recognition of the social costs resulting of the energy production
from fossil resources. Since Smith (1972), the literature analyzing the interplay between recycling
and pollution has focused on the potential limitation of local pollution from solid waste. Our original
framework allows us to introduce an indirect link between the development of recycling and the
reduction of greenhouse gas emissions, to mitigate climate change, a global pollution problem.3*
Recycling influences the time profile of the energy mix. In the case of climate change related
damages, the cumulative process of pollution raises the social payoff of early action. To take into
account this additional factor affecting the optimal timing of investment in green capital, we extend
our two-period model by assuming that using fossil resources also reduces utility. Specifically, we
modify the utility function by adding a separable disutility term, convex in the current flow of
pollution from the use of fossil resources: dt% ff , with 8 > 1 and ¢t € {0;1}. In order to capture two
features of the climate change problem, we consider the case where it is not socially desirable to
exhaust fossil resources, i.e. fy + f1 < F, then consider that damages from first period emissions

are relatively large, i.e. dp/d; > 1 and study the impact of an increase in dp.

%3Formally, one can compute from (4.8) that 970 = _(31:6()?0) - acf(’;no))/<ag:;0) - a%ﬂi’y))) > 0,
since, according to the previous analysis, the denominator is negative while % = 0 and % =
- 1-86)m
(M = (1= 8)mo) ™™ (14585280 ) > 0.

34Though the use of fossil resources is a major cause of local pollution problems too, the crucial constraint on the
supply of minerals for green capital (2.7) is potentially relevant on a global scale.

35 Alternative setups to study the problem could be considered. One may impose a constraining ceiling F < F' |
such that fo + fi < F, in the spirit of the literature on “carbon budgets” (Chakravorty et al., 2006). Moreover, the
cumulative nature of the pollution problem can be explicitly considered, by assuming that the second period disutility
from pollution depends on past and present use of fossil resources. Numerical solutions of the case with cumulative
pollution suggest that the qualitative results hold: this has been verified for the benchmark calibration (see footnote
22), with d =1, § = 2, and ¢ varying from 0.1 to 3.1.
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The planner’s program is modified, and writes

1
1—¢

o 1—ay1— 1 1 1 o o\l 1
max (fsmo™) E—doengrw(l_g <f1 (my + 6ma)’ ) _d10f19>

+1/(M—mo—m1)

We show in Appendix F that the interior solution (i.e. my > 0) holds if § < § = #} and is
defined by (4.2), (4.3) but for the following

1
1 (I—a)(1—e) | 6=ali=2) ~ (1—a)(1—2)] 7=a(i=5)
a [ 1= o T
_ | = M = | = M 4.
fo d0<1+F ) N [d1<1+’f > ] (4.9)

and the decline in energy consumption that is now given by

” Ao\ (1 — 6) 00— () CEe )|
@ (%) (1=9 _ 4.1
qo0 <d1> <1+P> (4.10)

Since « € (0,1), e > 0,60 > 1 imply 8 — (1 —¢)[a+ 60 (1 —«)] > 0, the energy consumption

declines at a faster pace with the efficiency of recycling (63—; /06 < 0), and a slower rate with the
importance of damages from initial polluting emissions (83—3 /0dy > 0). As a consequence the gross
discount rate 7 falls with é and increases with dy if ¢ < 1, and vice versa. We find that our original
mechanism is also operative in this framework. Similarly to the result in Proposition 2, the initial
extraction rate of minerals and green investment increase with the recyclability, as well as the share
of renewables in the energy mix in the first period (see Appendix F). In this case the energy mix
is affected by ¢ also in the second period. In fact, improved recyclability of minerals embedded in
green capital exerts the same effects discussed in detail in Section 4.1 in terms of the intertemporal
allocation of fossil and mineral resources. However, in the present case the countervailing force due
to the limited supply of fossil resources and their exhaustion is not active, since the total quantity
of fossil resources used can vary. From (4.3) and (4.9) one can see that the use of fossil resources in
the initial period moves with the recyclability in the same direction as renewables if the elasticity
of the intertemporal substitution in consumption is larger than unity (i.e. € < 1), and vice versa,
while fossil resource use in the second period always falls with . Hence, improved recyclability of
minerals allows society to reduce the total amount of fossil resources used when € > 1, and thus
increase the share of renewables in the energy mix in both periods.3¢

How is investment in green capital affected by an increase in the damage of fossil resources
use in the first period, i.e. dy? This may represent a worsening of the climate change problem,
as a short-cut for the cumulative nature of damages in such a pollution control problem. We find
that an increase in dy does not necessarily put forward investment in green capital. In fact, for
larger damage from fossils in the first period, the intuitive effect is that less fossil is used in the

first period. As a consequence, the marginal utility of consumption in the first period is increased,

36This result would not hold if one were to adopt a “carbon budget” approach.
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making mg more valuable. This first effect calls for increasing mg. However, a second effect,
related to complementarity in production, comes from the fact that the marginal productivity of
one resource increases with the use of the other resource. This calls for shifting the use of minerals
to the second period, in order to postpone the use of the fossil resource. The balance between these
two effects is solved according to the willingness of the representative agent to shift utility across
time: if the elasticity of intertemporal substitution is sufficiently low, i.e. € > 1, the first effect

dominates and mg increases with dy, and vice versa.

5 Conclusion

Some observers argue that renewable energy is not manna from heaven, since it requires specific
equipment that relies on intensive use of exhaustible and finite mineral resources. We have shown
that this empirical fact favors abundant and early investment in green capital for the production
of renewable energy, given that minerals embedded in specialized green capital can be recycled, as
opposed to fossil resources burned for energy production.

Our analysis has focused on the role of recycling in determining the optimal path of extraction
of fossil and mineral resources, and the investment in green capital. However, we have considered
a constant, costless and exogenous recycling process. It would be relevant to check how robust
our argument is to relaxing these assumptions. On its own the issue of the optimal choice of the
recycling rate is interesting, and more so in our context as it could affect the timing of investment
in green capital.

We have adopted the normative approach of the benevolent social planner. However, it can
be argued that market failures would lead to inefficient equilibria. Some market failures concern
imperfect competition, both in the primary resource market and in the secondary one, when there
is recycling (see Ba and Mahenc, 2019, and the literature review therein). Other potential failures
concern the thinness of markets for specific minerals and the joint production of several mineral
resources (Fizaine, 2013). Moreover, the decentralized investment in R&D directed at improvements
in resource use efficiency or in recycling technology, may underpin potential dynamic inefficiencies
(e.g. Zhou et al., 2018). Such market failures call for public intervention, raising the issue of their
efficient design. We plan to study these extensions in future work.

It could also be interesting to investigate the role of the non-recycled share of used green capital.
This cumulative waste involves a social cost to the extent that it may occupy scarce space or
generate pollution in the absence of specific costly treatment. The social benefit of the development
of recycling would therefore be confirmed : in addition to extending the life-cycle of the natural
resource, therefore its use and the ability to generate energy from renewable sources, recycling

reduces the amount of waste and its associated social cost.
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A Solutions of the infinite horizon

In the general case where we do not assume that there is an interval from ¢ to ¢ which corresponds to
positive mineral extraction, the maximization program writes:

1—¢

11—«
1 —x x
max Z 7( 1+_P)€ f (K_lém'l + Z mucsm_“)

u=0

DY L | A MY ma | 4D Nafat Y vams

x>0 x>0 x>0 x>0

In the following, we simplify the notations by introducing: ¢ := a(1 —¢) and p:= (1 — ) (1 —¢). To
solve the program, we first assume in subsection A.1 that the positivity constraints always hold after a
certain date t, i.e. Vt > t, Ay = vy = 0, which corresponds to an endless extraction of resources. Then in
subsection A.2, we derive the optimal solution in the case where minerals are depleted at the initial period:
Vvt > 0, my = 0. We show in Appendix B that these solutions are indeed optimal under the conditions given
in Proposition 1.

A.1 Endless extraction

We assume a positive extraction of both resources starting at a date t, before which only fossils are
extracted. Using (2.6), the social planner’s program rewrites:

maxz f¢(5w+1K +Z%fﬁf{g+x F=Yful+v M=) m,

T2t z20 T2t

In the computations, we assume ¢ > 0, but the solution extends to the limit cases 6 = 0. The log case
€ = 1 is covered by the computations (only the program writes differently in this case).
The f.o.c.s are:

(3ft)t<; « t¢71 (5K—1)# =A (15?)t

(0fi)isy  off T KL =21+ p)'
(8mt)t2§ S fPKE (1+p) :1Za5t

x>t

where the last f.o.c. uses the definition of K, in (2.6).
Subtracting the f.o.c. on my41 from the f.o.c. on my, we have

PP = = (1= 8) (L4 ) (A1)

so that,

Vi >t Ky = (111 (1-0)(1+ p)t> o f (A.2)

Injecting this into the f.o.c. on f;, and given that ¢ + 4 — 1= — < 0:
A=afd ™ (
vE<t, fi = (g GE-)™) " = 5o (F2) 7

Vit f = (31+p (Za(l(s))lm)wl

-

Defining r := (1 + p) T = 1+ p)_l/'S <land R:= (HP)T this system gives:
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Vi<t fi = foR and Vt > t, fi = fsr' (A.3)

Combining the f.o.c.s of f; and f;_1, we have fs = fy (M 1;;1 ) m, so that

1- Rt rt 1- Rt K\ 77 ot K \T?1-Rt ot
th—fol—R+fsl—r_f0<1—R+<T5Kt) 1—r>_fs(<T5Kt> 1—R+1—r>

t>0

o -1
The constraint (2.4) on recoverable resource of fossils gives fo = F <11__1g + <7"5 K’l) - T_r> and fg =

i

e —1
F <(7‘51§Ql) e =R 4 1’;_) . Turning to the minerals, we have from (A.2) and (A.3), using (2.6):

ﬁ _¢
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Lastly, K} is determined by the transversality condition (2.7) on (m4),:
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ie. K, = =5 (M 461K _4). Finally, we obtain, with r = (14 p)™* and R = (4:2) 7"

u -1
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B 1—r r—6£+1
1
Vi>t, my = 1_;(M+5£+1K_1) <1_i>rt_t

The positivity constraints hold for § < r and for ¢ such that M > 6§+1K_1’1”%f.

A.2 Immediate exhaustion

In this case, Vt > 0, m; = 0. We also assume that V¢, f; > 0 (see subsection B.1 for the justification).
The objective is increasing in myg, so it should be set to its maximum: mg = M. Then, the f.o.c. on

=1 1
fr writes: afPTIMAESE = N(1+p)', ie. fp = (odi\/[“ (?f)t)d’ ". Defining fo := (527)% ", we have:

vVt >0, f. = foR'. To conclude, notice that according to Lemma 1 in Appendix C § > r = R < 1. %7
The transversality condition (2.4) must be saturated, as the program is increasing in f; for all ¢. This gives

37

Except in the degenerate case § = 1+ p = R = 1 for which there is no solution because the supremum of
the objective is infinite and cannot be attained. However p > 0 by assumption.
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F =3 f; = L%, thus fo = F (1 — R). Finally, we obtain: ¥t >0, f,=F (1—R)R'
>0

B Optimality of the solutions

In this section, we demonstrate the results of Proposition 1. We show in B.1 that it is never optimal to
interrupt the extraction when 6 < r. Then we derive in B.2 the solution when minerals are depleted in a
finite time and show that it is sub-optimal. Finally, we use all this to prove Proposition 1 in the case § < r
in B.3, and we treat the case § > r in B.4.

B.1 Interruption of extraction
It is never optimal to let K or f be nil at any period because the marginal welfare goes to +o0o when
consumption is nil. Let us now show that for é < r, it is never optimal to interrupt mineral extraction, i.e.

d<r = 3t,A>t, m>0 < teltt]. Let (my, ft),~, be an optimal solution and let 7" be such that
my > 0 and such that {¢ > T'|m; > 0} # @. We define 7 ::_gni:rpl {t|m; > 0} in order to prove that 7 =T +1,
>

i.e. that interruption of mineral extraction is suboptimal. Let us assume ad absurdo that 7 # T + 1, so that
mypy1 =0 and m;—1 = 0. Then, as ¢ < 1 and € > 0, we deduce from § < r using the definition of r:

(r-1-T) =5 e =
1>(6> — (14p) 70 (KT 671T>

r T

221 p—1 ¢
r—i-1T (K. 1\ %! (r—1-1) { Kr fr
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where we used the f.o.c.s on fr and fr41 to find the last equality. We thus have

(1—a) (A 4p) T SRR < (1=a)(1+p) "V 2 K12

Besides, taking into account the non-negativity constraints v,_; > 0 and vp41 > 0 in equation A.1, we have:

(L= a) (1) T fERE = (L= 8) v+ vp = (L= 0) v — oo = (1—a) (L4 p) "0 2 K2}
The last two inequalities contradict, so we deduce that 7 =T + 1.

B.2 Exhaustion in a finite time

Let £ > 0 be the last period at which minerals are extracted. We assume in this subsection that extraction
takes place from the initial period on. The program can be decomposed in two eras, during and after the
extraction of minerals:

maxz fﬁK”—FZ ) fﬁK”d“zﬂ—i—)\ F—fo +v M—me

>t z>0 x>0

Using the f.o.c.s, one can derive the unique solution and write the inter-temporal welfare as follows, after

= (1 -8 and e = ((1-6) )T g
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To show that extraction in a finite time is not optimal, we derive welfare with respect to the last period of

38The detailed derivation is available in the on-line Appendix. Referees please see Appendix G.
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extraction:

dt a+c dt
at+c 1dnW da—&-@——ln(r)r{ 1_5_ 1-6 et
l—¢—pW dt dt — dt 1—r 1-R

It is optimal to delay the exhaustion of minerals if and only if dl“W > 0. Notice that

M7W17¢7ud(a+c)

1 dlnW 1-6 1—6 )\ rro Tt = pte—1
— O S (e 1- 1-68)51(1—r) %0
W dl >0<:>1_r><1_R> = R>( )T (1—7)
pto—1 K
7 é-1 1—0\1°¢
1-— 1-—
= e > (1_T> (1—-r)
Defining v := *5 and g, (6) :== 1 — (%)Urf (}%ﬁ)v (1—r), we have 7 2% > 0 <= g, (6) > 0. Yet,
’ v—1 v— ’
g, (0) = ((}_f) - (g) 1). For v € (0;1): g, (0) >0 <— }:f <g <= r < ¢ while for v < 0, the

inverse is true: g, (6) >0 <= § <r. In addition, 0 <e <1 = (1—¢)—a(l—¢e)<l—-a(l—¢) =
v—% € (0;1) whilee >1 = v < 0 (in the limit case e = 1, g, = 0). Fore < 1,as g, (r) =0
and g, is strictly decreasing below r and strictly increasing above r, we deduce that Vr, g, > 0 and that
vr,V8 # 1, gr(0) > 0. For £ > 1, the same reasoning shows that Vr, g, < 0 and that Vr,V§ # r, g, (6) < 0.
Given that W > 0 <= e<1l,e #1 = V§ #r, dan > 0. The solutions extend to the log case ¢ = 1,

but the formula of intertemporal welfare does not. Let us compare in this case Wy, ; and Wj.

t 11—«
_ 1 — _ _ _ 11—«
Wee = Wi=) (1+p) ' In ((M1 - g) F“rf> +3 (149 "' ((Mét‘t‘lrt“) F“r“)

t=0 t>t
t—1 , 1—p l—a . C l-a
_ - v a t | - rSt—t,.t o, at
(1+p) ln<<M15) Fr) Z(l—i—p) ln((M(S 7“) For )
t=0 t>1
Wf—&-l_Wf_f 1—(5 t é 7 1—7r T i
11—« = hl(lr +Zrln r = (In 1-6 +177‘1n<§)

t>t

Hence, for e = 1, Wiy > Wi <= h, (9) = (1—r)ln( ) +rln(%) > 0. Yet, A, (§) = =% — £ >
0 < 0 >rand h,(r) =0, so that V§ # r, h,.(6) > 0. As a consequence, whatever the value of ¢, it is
always optimal to delay the end of mineral extraction and it is never optimal to exhaust minerals at a date
t > 0. Indeed, in the only case for which it is optimal to do so, § = r, all candidate solutions conflate to
immediate exhaustion.

B.3 Cased<r

In this subsection, we call ¢ the first period for which an optimal program’s mineral extraction has a
positive value: t := ItIl>1(I)1 {m; > 0}. Let us prove by induction on t that for all optimal solutions (m¢, ft),,

such that ¢ is the ﬁrst_period with positive mineral extraction, t <t <= m; =0. t <t = m; = 0 being
true by definition, we only need to prove the reciprocal. In the base case t =0, m; =0 —= t€l) = t <
t = 0 comes from the results of the three previous subsections that it is never optimal to stop or interrupt
extraction. Then we turn to the inductive step, and we assume that the proposition has been proven for
all t < n, to show it in the case t = n + 1. Let (my, fi),~, be a solution of the original program such that
t = n+ 1. Necessarily, (my, f;),~, is optimal solution of the program starting at 1 with stock of resources
(M —myg, F — fy). Applying the induction on (my, fi),~,, we know that V¢t > 1, (m; =0 = t<n+1).
In addition, by definition of ¢, mg = 0, so that V¢t > 0, t <t <= m; = 0, which achieves the proof. Given
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that it is never optimal to interrupt or stop mineral extraction, the optimal extraction path is the one derived
in Appendix A.

B4 Cased>r

For § > r, and using the f.o.c.s on f; and ft+139, we have:

5 ﬁ _1 met1 ﬁ
t, 1 - <(1 1=¢ 1)
Vt, < (r> <(1+p) ( X, + )

P p—1 ¢
=1 Kt+1)¢ 1 ( Kt ) ( ft )
= (14 p)e—1 [ = =(1+
(1+p) ( X, (1+p) o I

Ve, (L+p) KT > (L p) Y L KIS

Suppose ad absurdo that the optimal path (my, ft)tZO is such that there exists T' > 0 such that mp > 0.
Let (nit, ft> N be an alternative path defined by Vt, f, = f, V¢ ¢ {T; 0}, my = my, Mg = mo + 7,
>0

myp = myp — 1, for an arbitrary n € (0,mr). Let us compare the welfares W, and W given by (fn, f) and
(m, f), respectively.

(S e ) ) (K (5 0T

,’7 =
1-¢ t<T t>T
1 “t b ot b s on 5t — gt=T
= T | W) R (Vg )+ > (o) SR (1 e ) | +0(n)
" t<T t t>T t
W, - W, e > ((1 ) RPT (1) T f;iTKf;Tl) 5| + o)

t>0

From above, we know that V¢, (1+p) ' fPK/™" > (1+p)""" f.pKI'>}, which implies that W, >
Wn~40 This contradicts the optimality of (m, f). We deduce that 6 > r = VT > 0, my = 0. Observing
that for § = r the unconstrained solution gives V¢t > 0, m; = 0 concludes the proof.

C Relations between the different rates

Lemma 1. For e < 1, there are only three possible exclusive cases:

1 1
S<R<r<-—— or 7‘<R<min{,5} or d=R=r<-—
1+p 1+p p

whereas for € > 1, the three possible cases are:

1 1
max{5,}<r<R or —— <R<r<é or 6=R=r>-—
1+p 1+p 1+p

Finally, e =1 entails r = R = ?11) < 1, with no relation on 4.
As 0 < 1, it follows that 6 > r — R < 1.

ru+¢71
oK

Proof. We always have § < R += ¢! > — d<r. Fore<l,pu=({0-a)(l—¢)>0,so

39To equate the f.o.c.s on f; we used the fact the V¢, f; > 0 shown in subsection B.1.
40The argument does not rely on € # 1, the limit case € = 1 has not been presented for simplicity.
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ru+d> 1

that r < R < r¢ 1 > < § >r . Ad absurdo, we also have that § < R = R < r fore < 1.
In effect, suppose that § < R and r < R. From the inequalities above (which are also valid as non-strict
inequalities), we deduce two contradictory properties: § < r and § > r. Reciprocally, r < R = R < ¢ for
e < 1. In addition, as (6 =r <= r=R) = (0 =r <= R =), there are only three possible exclusive
casesinthecasee <1l: §<R<r V r<R<{§ V §=R=r. Usinga similar reasoning for € > 1, and
given that in thiscase r < R <= d <r,wehavee >1 = <r <R \/ R<r<d Vv d=R=r.
As § < 1, it follows that § > r = R < 1. Finally, observing that R < = 2> (14 )’ =

1+p

(1+p)? >0t = (14p)*179 > s0-00-9) — e<landr < ¢ < 1+p) F <l = <1

concludes the proof. O

D Proof of Proposition 2

The problem is:.

(Ao fo)" (Bomo)l_a} 1

max -— T, (Arf1)™ (By (ma + 5mo))1_a}1_8
+AF = fo— f1) +v (M —mg —m)

The f.o.c.s are

(9f0) aq(}o 1,f A

(afl) %P qlfl ;e 1—e
@mo) (1— o) B oz i~
(Omy) ‘e L —y

1+p mi+dmo

Combining the last two

1)

1—¢ 1 € 1—e

== _6

qo ™M1 (1 qo )mo

and using the exhaustion condition mg+m; < M one gets mo and my in (4.3) with the deﬁnition (4 2) Hence

™ é 4 fo, then
using the fossil resource exhaustion constraint fo + f; < F, one gets fy and f; in (4.3). As the Lagrangian
is concave, the uniqueness stems from the Karush-Kuhn-Tucker theorem. These pace of resource use imply
a specific pace of growth of energy consumption, given by (4.4). The gross discount factor is therefore:

my > 0, only for § below the threshold S= 14=- Combining the first two f.o.c.s to get f1 =

1—e

A1 * Bl 1o © _1

— —= 1+ c(1-9
() (& 1+t -0
Notice that it is not affected by technological progress in the case of logarithmic utility, i.e. if ¢ = 1.
The prospect of higher resource productivity (A; > Ao or By > By ) increases the gross discount fac-
tor if the elasticity of intertemporal subbtitution is high enough (1/e > 1), and vice versa. The input

F

ratios are given by IJ% = (1 _5)M and &+ = 47, implying 810067/5[(0 < 0 but aflai/;(l = 0. Besides,

f:

K 5 ~ 1o [ (4 \* (B 7 = e . o
Ko mubdme _ (] §) = (1-6)F (T) (%) (14+p)" = !, implying =5 < 0.
a(1—8) , 8(1—8)F R _
Rewrite my = WM to compute 87”0 = —Wmo > 0, since a(laéé)r - = a(16 f < 0.
We can see that expectations of technologlcal progress in both energy transformation technologies, postpone

resource extraction, thus investment in green capital if the elasticity of intertemporal substitution is larger
8(1—8)7

than unity: g—’g;’ = meo <0ee<l
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E Analysis of the CES case in Section 4.2

The problem is:

o—1

oo1y\ 727 (1-¢)
(o™ + (1= ) (Fmo +m1) )

+A(F —~ fo— fi) +v (M —mg—my)

max

1 = N I
— (af7 +—me™ )"

with mg, m1, fo, and fi; > 0, and where ¢ > 0 (Cobb-Douglas production function for o = 1) and € > 0 (log
utility for e = 1).
A candidate interior solution satisfies the f.o.c.s

Tl 1—e— 2ty
fo 5

(9fo) 9o :71‘1

Of) phT a T =2 .

(@mo) my™ gy T gy Gmotm) T g T T =k
(dmy) ﬁ((smwml)%’lqi_a_% =%

Combine the two f.o.c.s on f and the resource constraint fo + f1 < F to get fo and f; in (4.3), given the
definition (4.5). Combine the two f.o.c.s on m and the resource constraint mg + my; < M, mg and m; in

E0
(4.6). An interior solution requires m; > 0 < (Z—;) (14+p) 7 (1—=6)° > 6, which defines the threshold
on ¢ specified in the main text.
In the case of an interior solution, the consumption growth ratio is computed from

o—1 o—1

0 <Oéff" +(1- a)(mﬁamo)”?l)”‘l
+(1-a)ymg”

substituting fy and f; from (4.3) and mg , m; from (4.6) to define the intertemporal consumption ratio as
the solution of the implicit function (4.7).

F Damages from fossil resources
Assuming that the resource constraint on fossils is not binding, the program writes:

1—e

€ « 11—«
(fom a)l do . 1 (fl (my + dmyg) )
max 1—¢ _§f0+1+p 1—e¢

d
—glfle +1/(M—mo—m1)

Using the definition q; = ft"‘K1 @ the f.o.c.s are

dfo) aqy " =dofy
) ag S =diff
1—e 5 l1—e
8m0) (1 - a) q:n + (1 - Oz) mmf-li-émo =V

1@t
87711) (1 - Ol) 1+p m1-1|-67n0 =v

(
(
(
(

The two f.o.c.s on m together with the exhaustion of minerals m; +mo = M, give the solutions in (4.3)
for mg and mq, with 7 defined in (4.2). It follows that K; = ﬁ;M and that an interior solution holds only

if 7 > 1%5, i.e. 5= liF' The two f.o.c.s on f with the values of mg and m; in (4.3) give fy and f; in
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(4.9). Using these expressions one gets

q do\“ 9(1—a):| P=atr=2)
() (1-s
w (&) w-om

Substituting (4.2) for 7 leads to (4.10).

Concerning the impact of a marginal increase of § in the case of an interior solution, proceed as follows. For

B g\ (1=9a  \I—(1=e)a g | raw cre )
mo, first combine (4.2) and (4.10) to compute (1 — §) 7 = (ﬁ) (ﬁ_p) .

Since 6 — (1—¢)[a+0(1—a)] > 0and 6 — (1—c)a > 0, 2T < 0 Next from (4.3) write mg =
a(1— 5)+a(1 &F

WM . We get 88% = —Wmo > 0. Given the exhaustion of minerals, the effect on

mj runs in opposite direction. From (4.9), we have that %{50 = %%% > 0 & e < 1, hence

03 Jo /65 =——= (f Imo _ %{?) = 75% (79 9';(81 15)> 65:;0 < 0. Furthermore Bf1 = (é:zzgl:g) F(lfjrﬁ%

(1 a)(l—e)
0—(1—e)f(1—a) —(1—8)a

0—a(l—e)
or ﬁ o do 0—(1—¢)[a+0(1—a)] 1-§ 60— (1—¢)[a+0(1—a)] ﬁ
Os1nce06<0<:>s<1,andf0_((dl) < ) ) 7thusafo/35>

1+p
0 c> 1 Finally 04 /06 = — ;2L ML B0 S s e < 1.

Concerning the impact of a marginal increase in first period damages, in the case of an interior solution,

we have the following. From (4.9) , g—gg = #ﬁ_a) (1-—a)(l—¢) ani@ — %) < 0. However from

the expressions above, it follows that Bmo = —%m)mo < 0 & ¢ < 1. Finally the signs of the

derivatives are summarized in Table 1.

Table 1: Signs of derivatives of the solutions with respect to the parameters

mo my Jo fi };"0 ;f;l
1) + - — = e>1 — — <= e>1
dy + <<= e>1 — <= e>1 <1 = — + e>1 = — 4+ <= e>1
dy — < e>1 + <= e>1 + E<]l = — + <= e£>1 e>1 = —

G On-line Appendix: Derivation of W7 in Appendix B.2

The problem is

maxz “) f¢’ “+Z Hp f¢K“5vaﬂ+A F->fo|+v M= "m,

>t z>0 x>0

and the f.o.c.s are:

Ofs  aff K 14+ p) T =2
Oft)ny  aff RPN (14 p) " = A

t _
i)z (1= ) & (14 0) " FERLTI670 4 (1= 0) 3 (L4 p) " fERL T oo bt =y

>t
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The f.o.c. on ms;; can be expressed as follows for ¢ < #:

l—«

O )T R = (1= a) (14 )

-1
o JPKE
)

=t

-« —z -1 —B)+i—t
+TZ(1+/)) FERPT onEmHt =y,

>t

Then, V¢ < t, (B?t) — (Omyyr) yields (1 —a) (1 +p) " fPKF™ = v (1 —§), so that

1
¢

181+ p)t) e (@.1)

14

Vt<t_, Kt:<1

—

Furthermore, (9m;) gives (1 —a) >_ (1+p)~ " ffK#‘l(SM(w—ﬂ =, ie.

>t

1—-a —z e
Ki=|—=> (1+p) " fi5"" (G.2)

x>t

Injecting (G.1) into the f.o.c. on f; yields Vi < ¢,

ie.
1—p
A . ﬁ Ptn—1
—(2a+pt (2 a-s
i <a< R Cet(R) )
s .
Defining r := (1 + p) 77T < 1 and fo = (3)7 (ﬁ (1- 6)) P we have:
Vi<l f,=fort (G.3)
For t > t, the f.o.c. on f; yields:41
_ 1
AL (14 p\") T
Ji= aKt ( o >
-1 i\ 5oT
Defining R := (5t2)°~" and f> = (2‘;&) “~" . we have:
Vis T f,=[oR' (G.4)

In the following, we assume that R < 1. Combining the f.o.c. on fz with the f.o.c. on fz,: ftij)_1 (1+p) =
footon = 2T RO-DED S This gives fr: )
fi= f>Rt (G-5)

The transversality condition on fossils gives:

“IFor § = 0, marginal welfare goes to infinity for each ¢ > #, as K; = 0. Hence, it is obviously suboptimal
not to extract at every period in this case. In the following, we assume § > 0.
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-1 . .

1—7t R!

F:f<§ 7“t+f>ZRt:f<1ir+f>1iR (G.6)
t=0 t>t

1
= ®

Injecting (G.3) into (G.1) for t < ¢, we obtain K; = (ﬁ (1-0)(1+ p)t) FU I TE so that Ko =

1

(151 8)™ 125 nc
= <. Hence:

Vt<t, Ky=Ko(l+p)mTrrat=Ko(1+p)71' = Kort (G.7)
which gives

Vite1,t—1], my=K;, - 0K, =Kp (1 — 6> rt
r

The transversality condition on minerals gives:

t t—1
M:Z’I’)’Lt :Ko—(SK,l—f—ZKOTt (1—6> +mf
r

t=0 t=1

1—pt1
mi;=M+5K_1 — K (1+(r—5)>

1—r
Hence,
1—rit i1
Kt‘:mt‘—‘r(SKt‘_le—f—(SK,l—K() 1+<T—5)ﬁ +(5KQT
1—7rt -
:M+5K,1—K01_r(1—5):M—aKO (G8)
with a := 117_T: (1—0)and M := M + §K_;.
Using (G.3) in the f.o.c. on fy together with the f.o.c. on fr,q:
SRy = ST K
Injecting (G.6) and (G.8) into this:*?
6=1 -1 -
f<u f> " KO = (Sit (M — (IK())
_ o1
¢=1 1—-rt\1—-R\ * - (M
I3 F _ — = -t _ = .
(P20 R T et () (©9)

The f.o.c. on m; gives:

(L) (L+p)  FEET +(1—a)Y (1 +p) " fERF 0D = (1—a) Y RTfLKE 6

>t >t
... - Rt
= (1= o) fERET o= =

“In the log case, e = 1, R=1r < 1, f- = f~ and the solution derived below extends to this case.
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—1,¢
Using % = 1% from the expression of Ky, we have from last equation:
- Rt K#—1f¢
CKET gm =—0 == G.10
.f> t 1—R 1—6 ( )

Injecting (G.6) and (G.8) into this:

1

— ] 1 _
1—rf\ 1-R\" " (M 1R\
((F_f<1T>Rf ) ([(0_(1>—<15 Rt ) (Gll)

Combining this with (G.9) we have an equation in f.:

_ ¢ =1 _ 1
%_% 1_,r.t 1—R =1 7 5;1,1& 1—R -1
I« ((F‘f<1_r> Rt> =0 <1_5m>
F 1-r\1-R
= M 12
(- 77) & (612
where b := (16—{5 1;5) et
Rt 1—rt\ 1-96
= H F: F .1
I< (b 1R+1fr> a+c (G.13)

where:

_ _ — K _ _ ¢—1
Rt 1=6 Rt nFé—1 Rt Rt wte—1 uE
C:”H_R“‘®:<(V1_R> 1—RO_®:<@_®1—R> orem

Injecting (G.12) into (G.9) (at the second line), we deduce Ky:

1 -1

_ o]
_ $—1 _ oyt _ Tk _
Ko=M | f.7 ((F—f<u)1 -R> 5 +a

1—r Rt
M M
= — = G.14
bl=¢ft+a a-+c ( )
Injecting (G.14) into (G.8), we deduce Kj:
cM .
K;= =cKy = b9 K G.15
= ate 0 0 (G.15)

We get fs from (G.6) and (G.13):

1-R 1—rt
f> =7 @klj)—wk (G.16)
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Finally, the inter-temporal welfare writes:

¢ p Il & FCH ¢
Wi = B S g EEE L ) I sy gy B e
o=1 >t
1 t—1 ) _
I (fﬁKg + 3 (U p) T fE R 4 (L4 p) T SLRIKE 4y (14p) 7 fiRmK,t‘é“(zj))
o=l >t
- ()
1 —\1F - ~ B ~ R
T o1-: fﬁKé‘ﬁﬂHﬂ) YO SERII ISR + fORY ST
Ry
( ¢+u) -
1 —\7 _ _ - "R
= FERY | —— st (RO (14 p) s
1—¢ 1— — 1-R&
- FoMH 1-90 ¢(a+c)7“ 1_rf+bu R
- 1—¢ a-+c 1—7r 1— R
1 v —_ j— —
N IR

H On-line Appendix: Welfare analysis

In case (2.a) of Proposition 1 the inter-temporal welfare takes the value:

¢
WOOfZ(lep)*tLK#

1—¢
t>0
fo mo —t ft
+Z 1+p) -
t>1
fomyy | fyml <~ (1
“a—e Tac 1+
€ € t>1 p
fomb r
= 1
1-—¢ * 1—r
FoMH 1 _
== (H.1)
dtp _q 1
1+p = (14 p)ern=1"" = (1+ p)?F»=1 =r. It follows that:
OWao _ e
55 =FMF(1—r)? 1)1 -6 >0

In case (1) of Proposition 1 the inter-temporal welfare takes the value:

WO — Z (1+P) f¢ ,u(sut

1-—
t>0
= LMMW (1—R)? > (14p) MR

1—c¢
t>0

1
= — M'F?(1-R)"!
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In the computations, we used (14 p)~ ' #R® = R1=?R® = R. It follows that
MWo _ 1-¢ ¢—2 OR
00 1-¢ 00
(+)-(+) >0fore e (0,1)
(=) (=)>0fore>1

M"F? (1 — R)

Welfare increases with § also in case (2.b) since it is a mix of the two cases above.

41
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