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Abstract

This article considers an economy whose production function takes both renew-
able and non-renewable resources as inputs. We extend the current literature by
allowing for exogenous technical change in the elasticity of substitution between
these two types of resources. In addition, we study the consequences of biased tech-
nical change which alters the resources’ relative productivities. We derive long-run
asymptotic results, which we use to compare several cases. In the benchmark case
of no technical change, our results are close to those obtained by Dasgupta and Heal
(1974). In the case of technical change in the elasticity of substitution, we observe
that this kind of technical change helps obtain positive long-run production despite
the depletion of non-renewable resources. In the biased technical change case, long-
run production is only possible either if non-renewable resources are non-essential
or if biased technical change is quick enough to compensate for the decreasing flow
of non-renewable resources.

We embed our production function in an optimal growth model and study its
dynamics. As a steady state (or a balanced growth path) is only attainable as time
goes to infinity, we resort to numerical simulations to convey what is happening
during the short and medium run. Our results provide new considerations for the
debate on natural resources. We suggest that technical change should be directed
to the resource which is most important for production.

Keywords: Elasticity of substitution, Technical change, Biased technical change, Non-

renewable resources, Renewable resources.

JEL Classification: Q20, Q30, O30.
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On Technical Change in the Elasticities of Resource Inputs

1 Introduction

The sheer size of today’s population coupled with its endless desires imposes a never

known demand on the production of goods and services. The world’s GDP has never

been as high as now, and with the advent of China’s and India’s economic expansions, it

seems clear that world production is bound to increase substantially. A noticeable problem

is, however, that production depends on various inputs, some of which are known to be

limited as well as non-renewable. This has raised concerns by major institutions (notably

the RFF, World Bank) for the possibility of continuing production at today’s levels to the

further future. As pointed out in a special issue of the Review of Economic Studies already

back in the 70’s, the ability to extend our current opportunities to future generations, when

production utilizes limited, non-renewable resources, depends on a variety of factors, of

which two have been singled out as the most crucial ones: substitutability and technical

change.

Substitutability is vital because, as Dasgupta and Heal (1974) show, non-renewable re-

sources are essential for production if other inputs are poor substitutes for them. For

example, insulation can reduce the amount of oil necessary for heating, but cannot be a

perfect substitute for oil. Empirical evidence for low substitution possibilities is provided

by Cleveland and Ruth (1997). If this is actually the case, this strand of research predicts

a bleak future for generations to come.

Technical change, either exogenous as in Solow (1956) or endogenous as in Romer (1990),

is the other factor vital for the further understanding of production processes. As an

example, one could think of cars which are developed such that they can do the same

mileage with less and less petrol. Equipped with these new growth-theoretic tools, re-

source economists (e.g. Scholz and Ziemes, 1999; Groth, 2004; Bretschger, 2005) return

with the hope that, even under initially unfavorable circumstances, production possibili-

ties would not decline due to human ingenuity. These theories teach us that the general

requirement for non-declining production is a fast enough technical change (Schou, 2000;

Bretschger, 2005). However, it is again Cleveland and Ruth (1997, p. 217) who forcefully

argue that “...technology and substitution have not been sufficiently strong to offset the

effects of depletion at the macroeconomic scale in some nations.”

Our article extends the literature in several ways. Whereas the classic works (Solow,
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1974; Stiglitz, 1974; Dasgupta and Heal, 1974) mainly analyze the relationship between

capital and non-renewable resources, we are going to concentrate on the relationship

between non-renewable and renewable resources in production. We shall use a production

function of the constant elasticity of substitution (CES) type to allow for various degrees

of substitutability between the two inputs. This generalization is necessary as we don’t

have strong empirical evidence of the level of substitutability between non-renewable

and renewable inputs. Furthermore, this approach follows recent research by André and

Cerdá (2005) as well as Grimaud and Rouge (2005). Our analysis, however, takes a

different direction to theirs. We are allowing for technical change in the actual elasticity of

substitution. This permits us to gain new insights into short-run and long-run dynamics.

To our knowledge, this approach is novel to the literature.

The extension of technical change in the elasticity of substitution does not just come

out of nowhere. Demands to analyze the effect of technical change on the elasticity of

substitution have been raised time and again during the past 70 years, with stronger and

clearer requests. Already Hicks, who invented the concept of the elasticity of substitution

in the 30’s, points out that the elasticity of substitution might change because “(...)

methods of production already known, but which did not pay previously, may come

into use.” Even more precise, he suggests that substitution “(...) partly takes place by

affording a stimulus to the invention of new types.” (1932, p.120) De La Grandville then

proposes to think about the elasticity of substitution as “a measure of the efficiency of

the productive system” (1989, p.479), which is something that is going to become clear

during the following sections. Yuhn, who tests de La Grandville’s proposition, suggests

to view the elasticity of substitution as “a ‘menu of choice’ available to entrepreneurs.”

(1991, p. 344) All of these researchers believe the elasticity of substitution to be a decisive

component, if not a determinant, of growth. They furthermore suggest that the elasticity

is by no means invariable over time. That there might exist technical innovations driving

changes in the elasticity of substitution has recently been put forward by Klump and

Preissler (2000, p.52), when they suggest that “[a]s far as invention of new methods of

production is concerned, the elasticity of substitution as a measure of economic progress

can, of course, be related to a society’s capability to create and maintain a high rate

of innovative activities.” Finally, and most precisely, Bretschger (2005, p.150) suggests

that “all possibilities of substitution and, specifically, the effects technology exerts on
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promoting substitution have to be studied.” Among others, these points quoted here

provide a foundation for introducing technical change in the elasticity of substitution.

Moreover, we also introduce biased technical change in the partial elasticities of the re-

newable and non-renewable resources. This means that both resource inputs are subject

to technical change and therefore increase their productivity, but one of the resources,

in our case the renewable one, is subject to quicker technical change than the other re-

source. This allows us to draw conclusions that go beyond those present in the established

literature.

Our article is structured as follows. Section 2 introduces the implications of allowing for

technical change in the elasticity of substitution and in the distribution parameter of a

CES function with non-renewable and renewable resources inputs. We use this function

in section 3 in a global production function and derive asymptotic results that allow us to

draw long-run conclusions. Section 4 derives optimality conditions for an infinite horizon

Ramsey-Hotelling economy which is based on our production function. As a steady state

or a balanced growth path is generally not possible, we resort to numerical simulations

when explaining the results that we obtain. Section 5 concludes.

2 Technical change in the CES function

We shall use the by now common constant elasticity of substitution (CES) production

function, as derived in the seminal article by Arrow et al. (1961), and allow for technical

change in the elasticity of substitution, or alternatively, in the distribution parameter of

the CES function.

Thus, we shall assume the following. The intermediate resource input R(t) is produced

with flows of the non-renewable resource RN(t) ≥ 0, and the renewable resource RR(t) ≥
0. They are combined according to:

R(t) = [ψ(t)RN(t)θ(t) + (1− ψ(t))RR(t)θ(t)]
1
θ(t) , (1)

where the distribution factor is given by ψ(t) ∈ [0, 1], and the elasticity of substitution,
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σ(t) ∈ (0,+∞), is related to the elasticity parameter θ(t) via

θ(t) =
σ(t)− 1

σ(t)
. (2)

At each instant of time, flows of resources used up in production diminish their stocks.

The non-renewable resource stock 0 < SN(0) < ∞ is gradually depleted according to

ṠN(t) = −R(t) < 01, while the stock of the renewable resource SR(t), evolves according

to ṠR(t) = $(SR(t))−RR(t).2

The elasticity of substitution σ(t) and the distribution parameter ψ(t) ∈ [0, 1] are allowed

to change over time, but not simultaneously.3

2.1 CES and changing elasticity of substitution

The elasticity of substitution σ(t) gives the percentage change in relative quantities of

used resources given a one per-cent change in their relative prices4. If σ(t) = 0 then the

1Throughout the article we shall use, for any variable B(t), Ḃ(t) to denote the time derivative of B(t),
B̂(t) to denote its growth rate. For any function G(B), G′(B) denotes its first derivative, and G′′(B) its
second derivative with respect to B.

2We assume that the function $ is first increasing, then decreasing, and concave on its whole domain,
$′′(SR(t)) < 0. We also assume that once completely exhausted renewable resource does not renew itself
any more, $(0) = 0, and that there exists a unique S̄R > 0 such that $(S̄R) = 0. These assumptions
have been borrowed from Smulders (1995), and are consistent with some simple notions from the laws of
thermodynamics. They are not necessary for the rest of the article; we quote them here since they may
help the reader agree with our subsequent assumptions.

3There is an important caveat here. Since we want to obtain meaningful results and yet allow the
elasticity of substitution to change over time, we have to normalize the family of CES functions under
consideration (de La Grandville, 1989; Klump and Preissler, 2000). To keep things as simple as possible,
we note that the Arrow et al. (1961) way of writing a CES function family, with the elasticity parameter
being the only parameter allowed to change, implies that this family is normalized at the level r0 =
1, n0 = 1. We can pick such baseline values without loss of generality, but we are not allowed to
manipulate the distribution parameter at the same time. Conversely, when we allow for technical change
in the distribution parameter, normalization forces us to assume constancy of the elasticity of substitution.
Having this remark in mind, we clearly see that our approach is consistent with normalization, i.e. we do
not confuse “intra-” and “inter-family” differences between CES functions (Klump and Preissler, 2000).
A more formal and elaborate discussion of this point has been included in Appendix A.1.

4This is equivalent to assuming perfect markets, so that price of each input i is always equal to the
marginal product of input i.
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function is Leontief so the inputs are perfect complements, for σ(t) = 1 we obtain the

standard Cobb-Douglas form, and if σ(t) = ∞ then the function is linear so the inputs are

perfect substitutes. The elasticity of substitution therefore gives information on the ease

with which one can move along a given isoquant and in that way can either be understood

as a measure of flexibility, efficiency (de La Grandville, 1989), or ‘menu of choice’ (Yuhn,

1991). We shall view the elasticity of substitution as a measure of technical efficiency.5

As can be seen in Figure 1, the higher the elasticity of substitution, the larger the amount

Figure 1: R as a function of σ

of output R(t) for any given inputs RN(t) and RR(t). The intermediate resource input

production is a monotonic function of the elasticity of substitution, ∂R(t)
∂σ(t)

> 0, and follows

a convex-concave shape.

The elasticity pulls double-duty here. On the one hand it is a measure of efficiency, and

on the other it determines the essentiality of the inputs. If σ(t) ≤ 1, then R(t) → 0 if

any of the two inputs goes to zero. On the contrary, if σ(t) > 1, neither of the inputs is

5For example, if one wants to produce shoes, then one needs leather and rubber. Imagine that one has
a cow, which can provide leather for many shoes, and enough rubber for just one sole. Then, to produce
this one shoe, one has to kill the cow. Clearly, this is not very efficient. If one could however produce the
shoes with more flexibility, one could substitute the leather for the scarce rubber and thus make many
shoes and not waste the rest of the leather.
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essential any longer.

As suggested in the Introduction, technical change can be thought of as improving upon

the efficiency of the input usage. We shall assume that this is actually the case and study

exogenous technical change in the elasticity of substitution, given as follows:

σ(t) = σ(0)est, σ(0) > 0, (3)

such that the growth rate of σ(t) is s ≥ 0. Thus, whatever the initial relationship between

our inputs, they will eventually become perfect substitutes. This assumption does not

seem to be far fetched. For example, the recently invented biodiesel is a nearly perfect

substitute for the standard diesel, and one can imagine several types of alternative energy

(wind or solar energy) to be perfect substitutes for coal sooner or later. Hence, we

can suppose that the more substitutes for non-renewable resources are found, the more

flexible will be the overall production process at the macroeconomic level. Furthermore,

this assumption allows our article to serve as a bridge to Tahvonen and Salo (2001), who

assume perfect substitutability between non-renewable and renewable resources.

2.2 CES and biased technical change

As an alternative to a changing elasticity of substitution, we shall introduce technical

change in the distribution parameter ψ(t), to which we shall refer to as biased technical

change (or factor-augmenting technical change).

By biased technical change, we shall mean changes in the productivity of one production

factor relative to the other. This interpretation can be brought closer in line with intuition

by transforming the CES form (1), which we assume throughout the paper, to a form

where unit productivities are given explicitly. We have the following transformation in

mind.6 Take

R = B[ψRθ
N + (1− ψ)Rθ

R]
1
θ , (4)

which is Eq. (1), with a provisional addition of the factor-neutral productivity term

B > 0, and without time arguments, which have been omitted for convenience.

6For a formal justification that the transformed version of a CES function is also consistent with
normalization, see Appendix A.1.
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Then, define a = ψ
1
θB and b = (1− ψ)

1
θB, which implies ψ = aθ

aθ+bθ
and B = (aθ + bθ)

1
θ .

Transforming (4) yields the final result:

R = (aθ + bθ)
1
θ

(
aθ

aθ + bθ
Rθ
N +

bθ

aθ + bθ
Rθ
R

) 1
θ

=
(
(aRN)θ + (bRR)θ

) 1
θ . (5)

Thus, for each fixed substitution parameter θ ∈ (−∞, 1), B is the common growth factor

of both unit productivities (a and b), whereas the difference in their speed of growth

is captured by ψ. In the remainder of the article, we shall set the factor-neutral growth

parameter in equation (4) to B = (aθ+bθ)
1
θ ≡ 1, which will allow us to focus on the effects

induced by the difference in the speed of technical change between RN(t) and RR(t) only.

As demonstrated, this difference can be captured by the distribution parameter. Setting

B = 1 is firstly required for the purpose of normalization, but one should think about

this predominantly as a means of concentrating on the implications of the difference in

the speeds of biased technical change. Thus, in different words, we scale the function in

order to draw our main attention away from the level effect induced by B to the actual

biased effect induced by the differences in speeds. This shift in attention is the reason

which allows us to draw further conclusions than the current literature. We still allow for

factor-neutral technical change in the full model, but we must assume that it does not

come from the intermediate input to avoid problems of normalization.7

The literature mainly focuses on efficiency improvements in the usage of the non-renewable

resource. We are, however, going to focus on faster improvements in the usage of the

renewable resource. Following this idea, we shall assume that technical change affects the

relative share of the two inputs by changing the distribution factor, ψ(t), as follows:

ψ(t) = ψ(0)ezt, ψ(t) ∈ [0, 1], ψ(0) ∈ (0, 1), (6)

where the growth rate of ψ(t) is thus z ≤ 0.

7These important issues of normalization have been neglected in the prior literature, but are clearly
important if one does not want to compare inter-family CES functions. Obviously, the need for normal-
ization in CES functions increases the complexity of the analysis to a substantial degree, as is visible in
our case.
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Figure 2: R as a function of ψ

The effect of changing ψ(t) on R(t) is

∂R(t)
∂ψ(t)

=
1
θ(t)

(
RN (t)θ(t) −RR(t)θ(t)

) [
ψ(t)RN (t)θ(t) + (1− ψ(t))RR(t)θ(t)

] 1−θ(t)
θ(t)

. (7)

The effect of ψ(t) on R(t) is less straightforward than the effect of σ(t). We obtain that
∂R(t)
∂ψ(t)

> 0 if RN > RR and σ > 1 or if RN < RR and σ < 1. If the signs are reversed

then increases in ψ(t) have a negative effect on R(t). Figure 2 illustrates the effect of

changing ψ for the case of RN < RR. The lower the possibility to substitute the stronger

the initial effect of changes in ψ. In the extreme, for Leontief inputs, a change from ψ = 0

to ψ > 0 will result in a reduction in the intermediate output from RR to RN . This type

of technical change can thus be viewed as varying the relative productivity of RR and RN .

The marginal rate of technical substitution is given by MRTS = ψ
1−ψ

(
RN
RR

)− 1
σ
. Changes

in ψ thus change the slope of the isoquant R. In section 3.3, we show several implications

of assuming this kind of technical progress and provide some new suggestions for policy

making.

8
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2.3 Closing the model

Taking the growth rate of R(t) and dropping time subscripts yields

R̂ = εN R̂N + εRR̂R + εσσ̂ + εψψ̂, (8)

where we assume that either ψ̂ = 0 or σ̂ = 0, and the partial elasticities, εi = ∂R
∂i

i
R
, for

i = RN , RR, σ, ψ, are given by

εN =
ψRθ

N

Rθ
,

εR =
(1− ψ)Rθ

R

Rθ
,

εσ =
ψRθ

N lnRN + (1− ψ)Rθ
R lnRR −Rθ lnR

(σ − 1)Rθ
,

εψ =
ψ(Rθ

N −Rθ
R)

θRθ
.

Both εN ∈ [0, 1] and εR ∈ [0, 1] function as shares in the traditional sense. This is due

to the assumption of constant returns to scale in the CES function. Furthermore, the

partial elasticity of R with respect to σ is always positive, implying that improvements

in the elasticity of substitution always increase the output. We also notice that, given

θ > (<)0, we have that εψ > (<)0 if RN > RR and εψ < (>)0 if RN < RR, suggesting

that technical change in the distribution factor should always go in the direction of the

relatively abundant resource input if the resources are substitutes, and in the direction of

the relatively scarce resource input if the resources are complements. This suggests that

technical change in the distribution parameter is most useful when it goes to the resource

that is most important for production.

Having analyzed the properties of the function describing R(t), we shall now assume that

R(t) adds to production as an intermediate input in the following way:

Y = F (A,K,L,RN , RR, σ, ψ) = AKαL1−α−βRβ (9)

Ŷ = Â+ αK̂ + (1− α− β)L̂+ β[εN R̂N + εRR̂R + εσσ̂ + εψψ̂], (10)

where Y , A, K, L denote income, factor-neutral technical change, capital, and labor,

respectively, and where we drop the time subscripts for convenience. An assumption

9
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behind this production function is that the intermediate good, the resource bundle, is

essential for production, as R = 0 implies Y = 0. This specification clearly shows that

our main concern lies with the way in which substitution and technical change in the non-

renewable versus renewable input affect overall production opportunities. It also shows

that we decompose technical change into three different types, namely technical change

through σ(t), factor-neutral technical change through A(t) and biased technical change

through ψ(t).

In order to understand how our extensions affect the properties of this nested production

function in the long run, we shall assume the following laws of motion for the different

variables:

RR(t) ≡ constant,

RN(t) = RN(0)ext, x < 0,

L(t) = L(0)ent, n ≥ 0,

A(t) = A(0)egt, g ≥ 0,

and select one of the two following alternatives:σ(t) = σ(0)est, s ≥ 0

ψ(t) ≡ constant,
or

σ(t) ≡ constant,

ψ(t) = ψ(0)ezt, z ≤ 0.

We admit that the assumption of a constant renewable resource flow (and thus, of a

constant renewable resource stock as well), which we shall maintain throughout the paper,

is quite strong. Moreover, looking at the function describing the evolution of the renewable

resource stock, ṠR(t) = $(SR(t))−RR(t), we see that our assumption inevitably implies

RR(t) = $(SR(t)). In simpler words, we just assume that as many renewable resources

are being used as re-grow each period, thus keeping the total amount constant.

There are several reasons why one could assume this. One way to justify this is by

assuming that renewable resource extraction is carried out not by utility-maximizers, but

by an independent entity that is concerned with the preservation of the renewable resource

stock over the long run.

Another justification comes directly from Dasgupta and Heal’s (1974) analysis: they

consider the renewable resource to be “(...) a perfectly durable commodity which provides

10
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a flow of services at [a] constant rate (...)” (Dasgupta and Heal, 1974, p. 19). Whereas

they are interested in the optimal decision process given the uncertain timing of the

discovery of this renewable resource, we shall focus on the case where the discovery has

already taken place.

Two recent articles that deal with optimization in both resource inputs are Tahvonen

and Salo (2001) and André and Cerdá (2005). Whereas Tahvonen and Salo (2001) use

perfect substitutability between the resource inputs, André and Cerdá (2005) are more

general by allowing σ ∈ [0,∞). Optimizing subject to both resource inputs allows them to

find a corner solution where it might be useful to delay the exploitation of the renewable

resource in order to allow for its stock to grow towards the maximum sustainable yield.

Such result is not possible here, as we concentrate on interior solutions only, with constant

renewable resource flows. However, we see their results as complementary to the results

obtained by our approach.

We shall now commence to describe the asymptotic properties of the production function

given the laws of motion that we assume.8

3 Asymptotic results

3.1 Flexibility is the key

We shall first quickly review the properties of the benchmark model, with results close to

the established literature (see e.g. Dasgupta and Heal, 1974). Our benchmark assump-

tions are that there is no technical change in σ and ψ, thus s = z = 0. We can distinguish

two important cases, one in which σ > 1, and one in which σ ≤ 1.

If σ > 1, and so the intermediate inputs are gross substitutes, then the following asymp-

8The effect of depletion of the non-renewable resource stock on the partial elasticities are given in
Appendix A.2.

11
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totic results hold:

Y = F (A,K,L,RN , RR)|RN=0 > 0

lim
t→∞

εN = 0 lim
t→∞

εR = 1

⇒ lim
t→∞

ŷ = lim
t→∞

(Ŷ − n) = g + αK̂ − (α+ β)n.

As the non-renewable resource is not essential for production, it becomes a virtually

negligible input once it tends to zero. Thus per capita income growth can stay positive if

population growth is not too fast.

On the contrary, if σ ≤ 1 then the non-renewable resource is essential for production as

Y = F (A,K,L,RN , RR)|RN=0 = 0

lim
t→∞

εN = 1 lim
t→∞

εR = 0

⇒ lim
t→∞

(Ŷ − n) = g + αK̂ − (α+ β)n+ βx.

The partial elasticity of the non-renewable resource tends to one because if the inputs are

gross complements, then RN drives the output if it approaches zero. In this case both

the rate of population growth and the rate of resource depletion, x < 0, provide a drag

on per capita income.

This benchmark case thus confirms the importance of flexibility in the production process,

a result that carries forward from the classical literature.

3.2 Increasing flexibility saves the day

We shall now analyze the effect of allowing for technical change in the elasticity of sub-

stitution, but not in the distribution parameter, such that s > 0, z = 0. The long-run

12
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asymptotic result is straightforward and given by

Y = F (A,K,L,RN , RR)|RN=0 > 0

lim
t→∞

σ = ∞⇒ lim
t→∞

θ = 1

lim
t→∞

εN = 0 lim
t→∞

εR = 1 lim
t→∞

εσ = 0

⇒ lim
t→∞

(Ŷ − n) = g + αK̂ − (α+ β)n

There is actually no need to assume unbounded growth in the elasticity of substitution.

We would get the same asymptotic growth rate for income if we assumed that σ(t) grows

until some time t0, after which σ(t) > 1, and the non-renewable resource is not essential

for production any more. Hence, the asymptotic properties hold as long as the elasticity

of substitution manages to cross the “magical” barrier of one.

3.3 Biased technical change

In this part we abstract from technical change in the elasticity of substition, s = 0, and

concentrate on the effects of biased technical change, with z < 0. We thus assume that

technical change improves the efficiency of the renewable resource more quickly than it

improves the efficiency of the non-renewable resource. A priori, it may seem counterintu-

itive to suggest this as a way out of the long-run constraint imposed by the essentiality of

a non-renewable resource. We shall however show and explain why and when this kind of

biased technical change is useful. Here we are dealing with three cases, σ > 1 and σ < 1,

and with the Cobb-Douglas as a special case.

If we have high substitutability of the intermediate inputs (σ > 1), then the following

asymptotic properties hold:

Y = F (A,K,L,RN , RR)|RN=0 > 0

lim
t→∞

εN = 0 lim
t→∞

εR = 1 lim
t→∞

ψ = 0

⇒ lim
t→∞

(Ŷ − n) = g + αK̂ − (α+ β)n.

As the renewable resource can be easily substituted for the non-renewable resource, its

flow into production of the intermediate good will be decisive for output when then stock
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of the non-renewable resource is close to depletion. In this case, biased technical change

has no effect on the asymptotic results.

Things look vastly different for 0 < σ < 1 (θ < 0) though. Here the speed of technical

change is crucial for the long-run results.

Case 1 (z + θx > 0) This is the case of slow technical change. The asymptotic results

in this case are given by

Y = F (A,K,L,RN , RR)|RN=0 = 0

lim
t→∞

εN = 1 lim
t→∞

εR = 0

⇒ lim
t→∞

(Ŷ − n) = g + αK̂ − (α+ β)n+ β(x+
z

θ
).

If the relative productivity of the renewable resource increases too slowly compared to

the rate of depletion of the non-renewable resource stock (weighted by the elasticity

of substitution), then the renewable resource is not able to fully compensate for the

reduction in the intermediate good due to the shrinking flow of the non-renewable resource.

Additionally, the greater the degree of complementarity between the resource inputs, the

faster must be the increase in the relative productivity of the renewable resource.

Case 2 (z+ θx ≤ 0) This assumption implies that the technical change is quick enough

to fully compensate for the declining flow of non-renewable resources. This condition is

more likely to be satisfied the weaker the complementarity of resource inputs.

Case 3 (Cobb-Douglas) For the Cobb-Douglas case, where σ = 1, one would a priori

expect a result along the lines of σ < 1, the case of complementarity. However, the same

asymptotic properties hold as in the case where σ > 1.

These results, together with the analysis of equation (7), allow us to draw conclusions

which are a little more precise than those of recent research. For example, André and

Cerdá (2005) derive an equation describing the optimal dynamic evolution of the resource

input ratio (their equation 6) and the optimal output path (equation 8), and then conclude

from these that “equations (6) and (8) express, in a mathematical way, the interest (and,

in the long run, the need) to promote the research and use of renewable energy sources

(...) to substitute nonrenewable energies (...) from a sustainability perspective.” Our

analysis allows to find that biased technical change has its merits when it is directed to

the most important resource input. This might imply that in the short run it would be
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optimal to invest more in research promoting the non-renewable resource rather than the

renewable one.

In the long run, however, the result by André and Cerdá (2005) prevails. Under high

substitutability (σ ≥ 1), production is driven by the relatively abundant renewable re-

source. It is therefore useful to improve the productivity of this resource by more than

the productivity of the non-renewable resource. Under complementarity (σ < 1), it is the

non-renewable resource that is more important in the long run, as it drives production due

to its decreasing input flow. In this case, only a quick improvement in the relative produc-

tivity of the renewable resource can compensate for the reduction in the non-renewable

resource flows.9

4 The Hotelling model revisited

4.1 The model

We shall now extend our insights gained from the asymptotic properties of the production

function by using this function in an optimal growth model. The questions we attempt

to answer hereby are whether our asymptotic results carry forward to an optimal growth

model, and especially how the model behaves in the short to medium run. We shall use a

Ramsey-type model with an infinite planning horizon, where a representative agent max-

imizes discounted utility subject to an equation of motion of the non-renewable resource

stock, and the production function introduced in section 2.

9These results should be verified in an optimal growth framework which fully endogenizes research in
both resource inputs.
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Formally, this means that the infinitely-lived representative agent maximizes

max
RN (t)

∫ ∞
0

U(Y (t))e−ρtdt subject to

ṠN(t) = −RN(t),

RR(t) ≡ const,

Y (t) = F (A,L,RN , RR) = A(t)L(t)1−βR(t)β,

R(t) = [ψ(t)RN(t)θ(t) + (1− ψ(t))RR(t)θ(t)]
1
θ(t)

Here we assume that U(Y (t)) = Y (t)1−γ

1−γ , where γ = −Y U ′′(Y )
U ′(Y )

∈ (0,∞)10 is the inverse

of the intertemporal elasticity of substitution. We abstract from population growth by

assuming that L ≡ 1 (in order to obtain clear short-term results). In addition, we carry

all our previous assumptions forward. Namely, we again decompose technical change into

three components: A(t) = A(0)egt with g ≥ 0, σ(t) = σ(0)est with s ≥ 0, ψ(t) = ψ(0)ezt

with z ≤ 0. On top of this, we assume that either s = 0 or z = 0. In contrast to the

previous section, we now also abstract from capital accumulation.

The first-order conditions give us (see Appendix A.3 for more details):

̂(
∂U(Y )

∂RN

)
= ρ. (11)

This is the Ramsey-Hotelling condition that characterizes the interior solution of the

optimization problem. Rewriting, we obtain that

Ŷ =
F̂N − ρ

γ
, (12)

where F̂N = ∂F/∂RN , which states that the growth rate of income, Ŷ , is positive if

the growth rate of the marginal product of the non-renewable resource, F̂N , exceeds the

discount rate.

This result is isomorphic to the outcome of the “cake-eating” model (see e.g. Dasgupta and

Heal, 1974). In the cake-eating model, the marginal product of the non-renewable resource

is only a function of the rate of depletion and factor-neutral technical change. Hence,

without large enough factor-neutral technical change, the growth rate of the marginal

10γ > 1 implies that utility is bounded from above.
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product of the non-renewable resource will be negative for all times and income will

decline continuously. Income growth can only be positive in case technical change is fast

enough to keep the growth rate of the marginal product of the non-renewable resource

above the discount rate. However, as we decompose technical change into three different

kinds, we have more possibilities to achieve sustainable production. The way in which the

model’s results are changed due to the introduction of technical change in the elasticity of

substitution and biased technical change through the distribution parameter will become

clear in the subsequent subsections.

Solving equation (12) for R̂N , we obtain the optimal growth rate of the non-renewable

resource extraction in terms of the other variables:

R̂N =
(1− γ)g − ρ+ [((1− γ)β − θ)εσ − 1

σ (lnR− lnRN )]s+ [((1− γ)β − θ)εψ + 1]z
(1− θ)− ((1− γ)β − θ)εN

. (13)

As is proved in Appendix A.4, the denominator of the above expression is always positive.

We also notice that all three kinds of technical change, factor-neutral technical change

(g > 0), the technical change in the elasticity of substitution (s > 0), as well as biased

technical change (z < 0), affect the optimal growth rate of RN .

4.2 Comparative statics

We shall now turn to comparative statics to provide further insights into the effects which

some parameters or variables exert on the growth rate of income. On the optimal growth

path we obtain the following comparative statics:

∂Ŷ

∂ρ
= − βεN

(1− θ)− ((1− γ)β − θ)εN
< 0, (14)

∂Ŷ

∂g
=

(1− θ) + θεN
(1− θ)− ((1− γ)β − θ)εN

> 0, (15)

∂Ŷ

∂s
=

β(1− θ)[εσ − εN(lnR− lnRN)]

(1− θ)− ((1− γ)β − θ)εN
, (16)

∂Ŷ

∂z
=

β[εN + εψ(1− θ)]

(1− θ)− ((1− γ)β − θ)εN
. (17)

We find that, along the optimal path, the discount rate affects the growth rate of income

always negatively. Moreover, the less we care about the future (the higher ρ), the stronger
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is its negative impact on income growth (Eq. (14)). Clearly, the less we care about the

future the more resources we use now, resulting in a larger current level of income with

less growth potential or, better, with less resources to use later and thus a stronger drag

on economic growth.

As expected, the growth rate of income is unambiguously positively related to the factor-

neutral technical change (Eq. (15)). This result also carries forward from the standard

literature.

We know from section 2 that changes in the distribution factor should always go towards

the kind of resource which is more important for production. Equation (17) suggests, in a

similar way, that increases in z have a positive effect of income growth if εψ > − εN
1−θ (< 0).

Hence, a sufficient condition for a positive effect of z on income growth is εψ > 0, i.e. if

the relatively more important resource is subject to faster technical change than the other

resource input.

The effect of s on income growth depends on whether more renewable or more non-

renewable inputs are used in production. If more non-renewable inputs are used then the

effect of s on income growth is positive. However, if more renewable resources are used

(which is inevitably the case because the non-renewable resources are gradually depleted),

then the effect of s on income growth depends on the importance of the non-renewable

resource for production relative to the partial elasticity of σ and cannot be unambiguously

signed.

4.3 Simulations and analysis

As it is not possible to solve the differential equation (13) analytically in the general

case, we shall use numerical simulations in order to provide more understanding to the

short- and medium-run dynamic paths resulting from the optimizing behavior of the

representative agent11. We will additionally compute the limit value of the extraction

11We use the following parameter choices for the simulations: β = 1/3, γ = 2, RR = 2, ρ = 0.05,
σ(0) = 0.1, ψ(0) = 0.9, S(0) = 300. The simulations are run using the Matlab routine ODE45. They
are done in two steps. In the first step, we implement the “shooting” method to find the initial amount
of extracted resource RN (0), i.e. we run the routine for a range of initial values and pick the one that
guarantees SN (t) → 0. Since of course, the simulations have to be stopped in finite time, we approximate
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rate of the non-renewable resource, which helps understand under which circumstances

we can expect exhaustion of the non-renewable resource stock in finite time, and under

which in infinite time.

We shall provide the limits of the optimal rate of extraction for our benchmark case, the

flexibility case, and the biased technical change case, along with the simulation results.

In the benchmark case, where s = 0 and z = 0, we derive the following limits:

lim
t→∞

R̂N =


(1−γ)g−ρ

1−θ σ > 1

(1−γ)g−ρ
1−(1−γ)βψ σ = 1

(1−γ)g−ρ
1−(1−γ)β σ < 1

(18)

These limits promise an interior solution without depletion in finite time only if (1−γ)g−
ρ < 0. The more patient the representative agent, i.e. the smaller is ρ, the more important

is the future for her and therefore the larger the growth rate of resource extraction. If

we assume away the possibility of depletion in finite time, then this implies that initially

smaller amounts of resources will be utilized. Furthermore, depletion in finite time is

possible only if utility is unbounded (γ < 1). This result holds irrespectively of whether

the resource inputs are gross substitutes or gross complements.

In addition, the larger is γ the smaller is the willingness for inter-temporal substitution of

income. This implies that for larger γ, more resources will be used by the agent initially,

and therefore the growth rate of resource extraction must be lower in order for the agent

to have some resources left for future consumption.

From now on, we shall rule out finite-time depletion, and thus guarantee an interior

solution, by assuming (1− γ)g + z − ρ < 0.

In order to show the optimal path of income in this benchmark case, we resort to simu-

lations, given in Figure 3.

The interpretation of the above result is as follows. The discounted utilitarian criterion

regards future consumption as less important than current consumption, wherefore most

this limit value by SN (300). This approximation is valid, because with our parameter choices, the
remaining stock of non-renewable resource becomes negligible by the time t = 300. In the second step,
we re-run the routine with the correct value of RN (0) as an initial condition. Having obtained the time
path of RN , we calculate the time paths of other variables by straightforward inserting.
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Figure 3: Benchmark case, s = 0, z = 0

non-renewable resources will be extracted when utility seems most valuable. The simula-

tions show that in case the non-renewable resource is not essential for production (σ = 2),

the share of RN is initially very large, suggesting that most non-renewable resources are

used initially, and then declines to zero over time (d). Thus the level of GDP is ini-

tially larger for the case of high substitutability in comparison to the case of σ ≤ 1, as

technical efficiency (as measured by σ) does not constrain the intermediate input R(t)

by complementarity problems (a). The GDP growth rate is initially higher in the case

of complementarity as at first more non-renewable resources are conserved as production

is depending on those resources later (b). Moreover, the amount of the non-renewable

resource used in production is divided more equally over time the lower is σ due to its

essentiality for production12 (c). Nevertheless though, if the non-renewable resource and

the renewable one are gross complements in production, the decrease in the amount of

non-renewable resources available decreases the overall resource bundle that can finally

be used in production. In such case, the non-renewable resource is driving the size of

the resource bundle R(t), implying that the share of the non-renewable resource in the

12The dashed line representing the growth rate of extraction for the case of σ = 2 tends to its minimum
at −0.1, which is outside of the graph.
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resource bundle will go to one (d). Hence, the (negative) GDP growth rate will become

smaller and smaller (b). In contrast to this, if the non-renewable resource is inessential

(σ > 1) then, as less and less of it remains available, its share in the resource bundle will

drop to zero (d). In this sense, the non-renewable resource allows greater GDP levels as

long as it is available, but as soon as it gets depleted, GDP goes to the level that it would

have had, had it been produced without the non-renewable resource.

Moving on to the flexibility case, where we assume s > 0 and z = 0, we know that from a

certain time t0 ≥ 0 onwards, the intermediate inputs will be gross substitutes as after this

point in time the elasticity of substitution will exceed one. In the limit, the extraction

growth rate approaches minus infinity:

lim
t→∞

R̂N = −∞. (19)

This result is intuitive, because perfect substitutability between non-renewable and re-

newable resources allows us to utilize the non-renewable resource without compromising

the renewable one in any way (in comparison to the case of σ ≤ 1, for example).

Figure 4: Flexibility case, s > 0, z = 0

The simulations13 allow us to be more precise with respect to the short- to medium-run

13The vertical dashed lines show when the elasticity of substitution crosses one.
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results. As the elasticity of substitution increases it is optimal to, at first, utilize non-

renewable resources at an increasing rate (c). This is because, initially, the improvements

in technical efficiency allow for large increases in the intermediate input R(t)14. Hence,

this allows for an increasing growth rate of income (b). However, these initial exponential

increases in R(t), due to the increasing elasticity of substitution, level off quickly, such

that consecutive improvements in σ(t) increase the overall resource bundle only slightly.

It is now optimal to slow down the extraction of the non-renewable resource, as it is

still essential for production. At this time, the model is rather similar to the benchmark

case with an essential resource and produces a negative growth rate of income. At one

point in time, the technical efficiency will have improved substantially enough, so that the

non-renewable resource will not be essential for production any more. The model then

traces the benchmark case again, but with a non-essential non-renewable resource (d).

However, continued improvements in the technical efficiency parameter result in further

improvements in the intermediate good production process. Therefore, the economic

growth rate can be positive (b). As the consecutive improvements in efficiency increase

the intermediate resource by less and less, and as the non-renewable resource stock is

depleted, the growth rate of income tends to zero from above.

Generally speaking, one can notice that the changing elasticity of substitution pulls

double-duty, as suggested in section 2. On the one hand, it reflects technical efficiency,

and on the other hand, it reflects the essentiality of the resource.

The last case we challenge is the distribution case, where we assume that there is no

technical change in the elasticity of substitution, but there is biased technical change in

the distribution parameter (z < 0).

If s = 0 and z < 0, then the limit extraction rate of the non-renewable resource depends

14The initial level of σ(t) is set at σ(0) = 0.1, which corresponds to the strongly increasing part of
Figure 1.
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on the values of various parameters:

lim
t→∞

R̂N =



(1−γ)g−ρ+ ((1−γ)β)z
θ

1−θ , σ < 1,
(1−γ)g−ρ−((1−γ)β−θ) z

θ(1−ψ)

1−θ , σ > 1,

−∞, σ = 1, γ > 1,

z − ρ < 0, σ = 1, γ = 1,

+∞, σ = 1, γ < 1.

(20)

Hence, we see that the interior solution is not always guaranteed, even if one keeps the

assumption (1− γ)g + z − ρ < 0 in mind. For instance, if σ = 1 and γ < 1, then biased

technical change implies finite-time depletion of the non-renewable resource, whereas in

the previous section, we learned that with σ = 1 and biased technical change, sustainable

production is possible. It turns out that the lure of unbounded utility (γ < 1) provides a

barrier against such a chance.

Figure 5: Distribution case, s = 0, z < 0

We can interpret the simulation results, presented in figure 5, as follows. The discounted

utilitarian criterion leads the infinitely-lived agent to perceive current income as more
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important for the creation of his utility, so she initially utilizes most non-renewable re-

sources (a). As in all previous cases, we observe the crucial role played by the elasticity

of substitution. As suggested in section 2, if σ < 1 then the relatively scarce resource

drives production. Conversely, if σ > 1, then the relatively more abundant resource will

be decisive for the amount of the intermediate good. The numerical simulations show

exactly this effect (d). Initially, more non-renewable resources are utilized in production.

For the case of σ < 1, this implies that the renewable resource constrains the amount of

intermediate output, and therefore relatively quicker improvements in the marginal prod-

uct of the renewable resource (as captured by z < 0) reduce the drag on intermediate good

output imposed by the renewable resource (b). In contrast to this, if the non-renewable

resource is the largest input in the intermediate good and σ > 1, then the non-renewable

resource drives the intermediate good output. Hence, if the importance of the renewable

resource now increases relatively to the non-renewable resource, then the effect on GDP

growth is negative (b). These initial effects are reversed once the relative importance of

the resource inputs changes due to the depletion of the non-renewable resource stock.

Further simulations show that in case the resources are gross complements, the speed of

z is vital in order to allow for a non-decreasing growth rate of income. For the case of

σ = 1/2, our simulations demonstrate that the assumed speed of biased technical change,

z = −0.02, is not sufficient to outweigh the decrease in the non-renewable resource flow.

Hence, the GDP level will tend to zero (a), a result in line with the benchmark case.

However, if the speed of z outweighs the reduction in the flow of non-renewable resources,

then a positive, constant GDP level can be attainable. The speed of z must be such that

the renewable resource becomes more and more important to production quick enough to

compensate for the decreasing quantities of the essential non-renewable resource available.

5 Conclusion

In a world where production depends on limited and non-renewable inputs, the desire

to extend our current consumption opportunities to future generations requires that we

resort to alternative inputs which are able to sustain the production process at similar

or even higher levels. This is not always possible, especially if renewable resource inputs
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have to be used complementarily to the non-renewable inputs. Various kinds of technical

change have been viewed as a way out, as they help to utilize given resource inputs more

efficiently.

This article investigates a new kind of technical change. We assume that technical change

improves the substitutability between two inputs, in our case non-renewable and renewable

resources. This approach follows recent suggestions in the literature on technical change

and resources. For example, Bretschger (2005, p.150) suggests that “all possibilities of

substitution and, specifically, the effects technology exerts on promoting substitution have

to be studied.” We furthermore provide reasons for which technical change in the elasticity

of substitution can be viewed as improvements in technical efficiency. We first analyze

the implications of technical change in the elasticity of substitution for the asymptotic

growth rates and we then develop a Ramsey-Hotelling model in order to understand the

short- to medium-run dynamics as well.

In the long run, these improvements in the substitutability will make non-renewable re-

sources inessential for production and allow for improvements in the growth rate of income.

This result is clearly intuitive. The classical literature already notices that a high enough

elasticity of substitution renders an input inessential. However, the Ramsey-Hotelling

model provides new insights to the effects of a changing elasticity. We show that the

infinitely-lived agent will take the changes in the elasticity of substitution into account

when choosing the optimal income growth path. In the short run, numerical simulations

show that improvements in the elasticity of substitution can at least initially alleviate the

drag which non-renewable resources exert on income. This is because the first increases

in the elasticity have the largest impact on the overall resource bundle. However, in the

medium run, depletion of the non-renewable resource is still able to drive growth and thus

reduce the income level. Then, after the improvements in the elasticity of substitution turn

the non-renewable resource inessential (σ > 1), the economy can return to a steady state

with positive income and without non-renewable resources. Hence, the improvements in

the elasticity of substitution have two effects. One, they improve upon the technical effi-

ciency between the resource inputs. Two, they help rendering the non-renewable resource

inessential for production.

In addition to analyzing technical change in the elasticity of substitution, we allow for

biased technical change. This means that both resource inputs are subject to technical
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change, but that the productivity of one of the resources, in our case the renewable

one, improves quicker than the other resource. Using this simplified approach, we notice

that technical change is most useful when it is directed to the most important resource

for production, i.e. when it is directed to the resource which is most decisive for the

production level. Using a Ramsey-Hotelling model we show that these asymptotic results

carry forward to the short-run results. Biased technical change is either most useful when

it is directed to the most important resource, or when it is quick enough to compensate

for reductions in the input which has slower technical change.

In the light of these findings, consecutive research should address the following points.

Firstly, exogenous technical change in the substitutability should be endogenized. It is

one of the most important, if not the most important, parameter in models with non-

renewable resources. This is by no means a simple task and valuable results might only

be possible for special cases. Secondly, one should attempt to put more emphasis on

endogenized biased technical change in resource inputs. Results will help deepening our

understanding as to which kind of technical change should be promoted by policy makers.

Thirdly and finally, we are in need of empirical evidence with respect to the substitutability

of resources in production. The fact that we do not have a clue about their substitutability,

even though the knowledge on this will be extremely helpful for policy making, is a true

disappointment.
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A Appendix

A.1 Normalization of the CES function family

When assuming (1), and allowing for technical change in σ(t) or ψ(t), we simultaneously

make a number of implicit assumptions. The assumption of a changing θ but a constant

distribution parameter ψ alone does not yield a single CES function, but a family of pro-

duction functions, indexed by the elasticity parameter θ (or alternatively, by the elasticity

of substitution σ). As time elapses, the value of this index changes. This causes one to

jump between different members of the CES family. The same reasoning applies when we

keep σ constant and allow ψ to change over time.

The elasticity parameter describes the curvature of a CES function, given its slope, and the

distribution parameter describes the slope, given the curvature. It was graphical reasoning

that brought de La Grandville (1989) to suggest to normalize CES functions: each family

of these functions is characterized by a single point of tangency, functions that do not

share this point of tangency do not belong to the family. The reason for normalization is

that when one wants to isolate the effect of a certain parameter dimension on the value

of a function, one needs to hold other dimensions constant. The parameters that allow

for heterogeneity are for us in one case the elasticity of substitution and in the other

case the distribution parameter ψ. As Klump and Preissler (2000) suggest, we have to

normalize CES functions, because we do not want to confuse intra-family differences with

inter-family ones.

In the following paragraphs, we shall prove that the approach we adopt in this article is

indeed consistent with normalization.

Following Klump and Preissler (2000), we shall characterize a given normalized CES

function family by a triple (µ0, n0, r0), according to:

µ0 =

(
∂R
∂RR
∂R
∂RN

)
0

=
1− ψ

ψ
n1−θ

0 , (21)

r0 = (ψnθ0 + (1− ψ))
1
θ , (22)

where n0 is interpreted as RN0/RR0, which is the ratio of two arbitrary baseline resource

flow quantities (not necessarily the ratio of resource flows at time t = 0, as notation may
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suggest); the same applies to r0 = R0/RR0. µ0 is the baseline marginal rate of technical

substitution.

The Arrow et al. (1961) CES specification which we assume in (1), confronted with these

requirements for the case of a changing elasticity of substitution, yields

ψ =
n1−θ

0

n1−θ
0 + µ0

(
≡ ψ(σ)

)
,

1 = r0

(
n1−θ

0 + µ0

n0 + µ0

) 1
θ

(
≡ C(σ)

)
,

where the left-hand sides are constants and the right-hand sides are functions of σ. These

two conditions imply n0 = 1, r0 = 1 (or equivalently, RN0 = RR0 = R0), and µ0 = 1−ψ
ψ

.

Thus, our approach is equivalent to considering a CES family normalized at n0 = 1, r0 = 1,

and µ0 = 1−ψ
ψ

, where ψ ∈ (0, 1) is a given constant. Although our preferred values are

admittedly arbitrary, we do not lose generality here: we would have to pick one single

triple (µ0, n0, r0) anyway. Our choice is motivated by convenience and the desire for

greatest possible simplification of the mathematics involved.

To analyze the effects of biased technical change on production processes, the above nor-

malization is not appropriate, since it assumes constancy of the distribution parameter ψ.

Instead, we shall propose an alternative normalization, which fixes the elasticity parame-

ter σ and allows for heterogeneity in the baseline marginal rate of technical substitution

µ0.

We shall now characterize a given normalized CES function family by a triple (θ, n0, r0),

following (21) and (22). This time, it implies

ψ =
n1−θ

0

n1−θ
0 + µ0

(
≡ ψ(µ0)

)
,

1 = r0

(
n1−θ

0 + µ0

n0 + µ0

) 1
θ

(
≡ C(µ0)

)
.

For the right-hand side of the second equation to be independent of µ0 for all θ 6= 0, we

have to assume n0 = 1, which in turn implies r0 = 1 (or equivalently, again RN0 = RR0 =

R0). Hence, we obtain ψ(µ0) = 1
1+µ0

. Changes in µ0, which is now the only dimension

that allows for heterogeneity, are equivalent to changes in ψ, which we manipulate directly

in the main text.
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If one perceives biased technical change through the prism of Eq. (5), then our normaliza-

tion procedure implies a =
(

1
1+µ0

) 1
θ

and b =
(

µ0

1+µ0

) 1
θ
. Note that we assume the common

productivity factor to be aθ + bθ = rθ0 ≡ 1. This means that we abstract from factor-

neutral technical progress: we fix this dimension in order to get viable results concerning

the biased technical change dimension, as described by µ0, or alternatively, ψ.

A.2 Asymptotic results for the partial elasticities

For any given σ and ψ, we obtain the following limit values:

lim
RN→0

εN =


0, σ > 1,

ψ, σ = 1,

1, σ < 1,

(23)

lim
RN→0

εψ =


−ψ

θ(1−ψ)
< 0, σ > 1,

−∞, σ = 1,

1
θ
< 0, σ < 1,

(24)

lim
RN→0

εσ =

− 1
σ

ln(1− ψ) > 0, σ > 1,

+∞, σ ≤ 1.
(25)

A.3 Optimization of the Hotelling model

We can write the Hamiltonian as follows (omitting time subscripts):

H(RN , SN , λ) = U
(
A[ψRθ

N + (1− ψ)Rθ
R]

β
θ

)
e−ρt − λRN . (26)

The Pontryagin Maximum conditions are:

∂H

∂RN

= 0 ⇒ λ =
∂U

∂RN

e−ρt, (27)

∂H

∂SN
= −λ̇ ⇒ −λ̇ = 0. (28)
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Differentiating equation (27) with respect to time and substituting into equation (28)

gives

Ŷ =
F̂N − ρ

γ
, (29)

which is equation (12) in the main text. The marginal product of the non-renewable

resource RN is given by FN = AβψRθ−1
N Rβ−θ. Its growth rate is given by

F̂N = g + z + (θ − 1)R̂N + (β − θ)(εN R̂N + εψz + εσs) +
1

σ
[log(RN)− log(R)]s. (30)

As the growth rate of income is Ŷ = g + β(εN R̂N + εψz + εσs), we can substitute these

two growth terms into equation (29) to get

(1− γ)g + [1 + (β − θ)εψ − γβεψ]z + [(β − θ)εσ − γβεσ]s− ρ+
1
σ

[log(RN )− log(R)]s

= [γβεN + 1− θ − (β − θ)εN ]R̂N .

Solving for R̂N gives us the optimal growth rate of the non-renewable resource extraction,

equation (13).

A.4 Proof that the denominator of R̂N is always positive

The denominator of R̂N is given by (1 − θ) − ((1 − γ)β − θ)εN . Rewriting this gives

(1− θ)− (1− γ)βεN + θεN + εN − εN = (1− εN)(1− θ)− [(1− γ)β − 1]εN . As we know

that εN ∈ [0, 1] and θ ∈ (−∞, 1], we also know that the first term is greater or equal to

zero. As γ ∈ (0,∞), 0 < β < 1, then (1 − γ)β − 1 < 0, so the denominator turns out

to be a sum of two non-negative expressions, one of them being strictly positive. This

implies that (1− θ)− ((1− γ)β − θ)εN > 0. �
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