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Abstract

Upon introducing natural resources, both renewable and non-renewable,
into an endogenous growth framework with R&D, this paper derives the
transitional dynamics of an economy towards its long-run equilibrium.
Using the Euler - Lagrange framework, this paper has succesfully figured
out the optimal paths of the economy. It then shows the existence and
uniqueness of a balanced growth path for each type of resources. The
steady state is shown to be of a saddle point stability. Along the bal-
anced growth path, it is found that a finite size resource sector coexists
with other continuously growing sectors. The paper then examines long-
run responses of the economy to various changes pertaining to innovative
production condition, resource sector parameters as well as rate of time
preference. It also shows that positive long-run growth will be sustained
regardless the type of resources used.

Keywords: R&D-based growth, natural resources, vertical innovation,
transitional dynamics.
JEL classification: O13, 031, O41.

1 Introduction

There has been a growing interest in examining the pattern of economic growth
when there is technological change and natural resources (e.g. Grimaud and
Rouge, 2003; Lafforgue, 2008; Peretto, 2008, 2012; Peretto and Valente, 2011).
This literature focuses on the interplay between economic growth resource ex-
ploitation. In particular, it studies how the adjustment of technological change
induced by purposive R&D investment and natural resource stock affects eco-
nomic sustainability and welfare. However, the dynamic behaviour of these
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models is not well comprehended given that the existing studies mostly focus
on the balanced growth path.! That is the main purpose of this paper. In
particular, this paper sets out to analyze how the adjustment in resource ex-
ploitation and R&D investment changes the dynamic behaviour of the economy.
To that end, we consider a general equilibrium model of endogenous growth with
R&D and natural resources. Unlike existing studies in which only one type of
resources (renewable or non-renewable) is considered, in this paper, both types
of resources are examined. The economy consists of four productive sectors that
are linked to each other: a research sector, an intermediate good sector, a final
good sector, and a resource sector. Labour is the unique production input that
is required for the production of knowledge, intermediate products and harvest-
ing of resources. Resources (e.g. iron ore), after being extracted and processed
into materials (e.g. iron), are used to produce intermediate capital goods which
then serve as inputs for the production of a final consumption good. Vertical
innovation targets at upgrading the quality of these intermediate products. This
setting makes the decision on the allocation of labour across sector become the
most important one.

Given the above setting, we first determine the optimal paths. In doing
so, we characterize the time paths of labour allocations across sectors and the
dynamics of the resource stock which help us to pin down the dynamics of all
other variables in the economy. It should be noted that although the objective
function is not concave and the constraint is not convex (due to the growth of
technological knowledge), under some mild assumptions, we are able to explicitly
derive the solution to this problem. More specifically, using the Euler - Lagrange
equation technique, we show that as soon as the R&D sector is sufficiently
productive the optimal solution can be obtained. This condition also ensures
that positive long-run growth is sustained no matter what type of resources
is used in production. Upon attaining these results, we move on to prove the
existence and uniqueness of a balanced growth path for each type of resources.
In addition, the steady state is a saddle point to which the dynamic system will
converge. Although the problem is not concave, we are able to prove that the
stable manifold is locally optimal.

Along the balanced growth path, while the resource sector maintains a finite
size, other sectors experience continuing growth. While an improvement in
productivity of research always increases growth and welfare regardless of the
resource type, an improvement in that of resource production only results in
the same outcome when resources are renewable. An economy endowed with
renewable resources generally enjoys a higher growth rate than it would be in
case of non-renewable resources.

This paper is organized as follows. Section 2 sets out the model by describing
the basic structure of the economy. Section 3 offers equilibrium concepts for this
economy. Section 4 studies transitional dynamics, the existence and stability

I Previous studies often consider natural resources, R&D, and growth separately; either be-
tween resource abundance and economic growth (e.g. Sachs and Warner, 1995; Lederman and
Maloney, 2007) or between R&D-based innovation and economic performance (e.g. Romer,
1990; Grossman and Helpman, 1991; Aghion and Howitt, 1992).
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of a balanced growth path. Section 4 considers key properties of this balanced
growth path. Conclusions are summarized in Section 5.

2 The economy

2.1 The final goods sector

This sector is assumed to be competitive with a large number of identical firms
producing an homogeneous consumption good Y according to the following
technology:

1
Y, = /Aitx%di, a€(0,1) (1)
0

where z;; is the amount of intermediate good of vintage i (indexed on a unit
interval), and A;; is a productivity parameter attached to the latest version of
that intermediate good.

The final good is taken as a numeraire (Py = 1). The final good producers’
profit function is:

1 .
T =Y, — [ PeitTirdi

where p,;+ denotes the price of intermediate good 7 at time ¢. Profit maximiza-
tion gives the (inverse) demand function for each intermediate good:
Prit = aAuxl ™t Vi € [0,1] (2)

2.2 The intermediate goods sector

This sector is assumed to be monopolistically competitive. Each intermediate
producer faces the following production technology:
ML’
—it 3 e0,1], Vi€ [0,1] (3)
At
Here, L;; is labour employment in industry i at time ¢ and M;; is the use of
processed natural resource materials. The appearance of A;; in the denominator
is aimed to capture the fact that products of higher degree of complexity require
more resources to produce.
Profit function for the representative monopolist i is:

Tit =

Teit = PaitTit — PmtMir — wy Ly

The monopolist’s objective is to maximize this profit function subject to the
demand equation (2) and production technology equation (3). In terms of no-
tation, p,¢ is the unit price of processed material and w; is the cost of hiring
one unit of labour. After taking the first order conditions with respect to M,
and L;; and then rearranging and summing over i, we obtain:
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(5)

where M; = fol M;.di is the aggregate stock of materials used and L,; = fol L;di
is the total labour employment employed for producing intermediate goods.

. . . . MPLITP 1 .
Plugging these results into equation (3) yields z;y = zy = (Z3=—)T=, Vi.
Plugging this result into the production function in (1) gives:

Y = A (M Ly, ) (6)

where A; = fol A;,di is the economy wide aggregate stock of knowledge.?

2.3 The research sector

This sector is assumed to be competitive with no entry restrictions. There is only
one type of innovation aiming at improving the quality of existing intermediate
products (vertical innovation). Each time, when an innovation is successful, a
new (better) vintage of an intermediate product is introduced and replaces its
older version in the final good production. Assume that designs or blue prints
are protected by the patent law so that each successful innovator can charge a
monopoly price over their product until the next successful innovator occurs in
that industry.

With access to the stock of knowledge, research firms use labour to develop
new blueprints with a Poisson arrival rate A > 0. A successful innovation lifts
up the knowledge level by a factor u > 1. Because the prospective payoff is the
same in each industry, a same amount will be spent on vertical R&D in each
industry. If L,; is the total amount of labour devoted to doing research then
the evolution of A; can be shown as:

Ay = Mp — 1)Ly Ay (7)

With free entry, in equilibrium, marginal cost of an extra unit of labour is
equal to its expected marginal benefit:
AVe = wy (8)

Here, V; is the value of a vertical innovation such that:
oo

t

2Because the number of intermediate industries is indexed on a unit interval, A coincides
with the economy’s average technology level.
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where r, is the instantaneous interest rate at date s, I, = AL, is the rate of
successful innovation arrival at date s, and m,;, is the flow of operating profit at
date 7 to any firm in the sector whose technology is of vintage ¢. In other words,
as the market for design is competitive, the value of vertical innovation is equal
to the expected present value of future operating profits to be earned by the
incumbent intermediate monopolist until being replaced by the next innovator
in the industry.

Following Caballero and Jaffe (1993) and Howitt and Aghion (1998), as-
sume that the leading-edge technology parameter A = max {4, Vi € [0,1]}
is available to any successful innovator and its growth is due to knowledge
spillovers produced by innovations. As shown in Howitt and Aghion (1998),
the ratio of the leading-edge technology A;"** to the average technology A is
constant. As innovation occurs at rate I; = AL,; per product and the average
change across innovating sectors is A" — A, so:

o ()

Comparing this together with (7) yeilds 2

= .

2.4 The primary or resource sector

Assume that the resources are owned by households. Following Schaefer (1957),
the amount of materials extracted depends on the amount of labour input used,
Lyt, and the availability of the stock of resources, R;:

M, = BLyy R, (10)

In this formulation, B is the productivity of resource production. The dynamics
of the stock of resources are as follows:

Rt = f(Rt) - Mt (11)
Here, f(R;) is the natural growth of the resources that takes the following
logistic growth form:

J(Re) = P, (1 - ];) 120 (12)

where R is the carrying capacity of the environment and 7 represents the intrin-
sic growth rate of resources. When 1 > 0, the natural resources are renewable
and when 7 = 0, they are non-renewable. Combining (10), (11), and (12) deliv-
ers:

: R
Ry = nR; (1 - Rt> — BLyt Ry (13)

3 Equilibrium
Assume constant population and normalize the size of population to 1 (L = 1)

for simplicity. Hence, under the assumption of full employment, the labour
market equilibrium requires that:
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L:ct + Lrt + Lmt =1 (14)
And the goods market equilibrium dictates that:
Ci =Y,

where Y; is given by equation (6).
The program of the social planner is to maximize the utility:

U= [, log(Y;).e~Pdt

subject to the dynamic equations of technology and natural resources:

A,
a, - AMp = 1)Ly (15)
. Rt

We define our equilibrium in this economy as follows:

Definition 1. An equilibrium of this centralized economy is an infinite sequence
of quantity allocations {Cy, Yi, Ay, Ry, Ly, Lint, Lrt}fio such that consumers’
welfare is mazximized subject to intertemporal constraints facing the social plan-
ner.

Definition 2. A balanced growth path (BGP) is an equilibrium path where
all variables grow at a constant rate and the allocations of labour across the
intermediate goods, resource, and the RED sectors are also constant.
Specifically, along this BGP, Ly, L., L. are all constant; Cy, Yy, Ay, Ry grow
at constant rates g¢, gy, ga, and gr respectively. In this paper, we will analyze
transitional dynamics to and local stability around these BGPs. After that, we
examine comparative statics along these BGPs.

4 Characterization of the optimal path and local
stability of the BGP

4.1 Transitional dynamics of the optimal paths

In this centralized economy, the key dynamic equations are given by those de-
scribing the evolution of technical knowledge and the dynamics of the stock of
natural resources given in (15) and (16) respectively. From these equations, we
will derive optimal time paths of the economy, the balanced growth path, and
work out conditions for achieving the convergence to the steady state.

We will assume that L,; and L,,; are continuous. For any ¢, L,; and L,,; be-
long to the interval [0, 1]. Any solution R; to (16) is continuously differentiable.
Observe that when R(t) > R, we have R, < 0, Vt. Predicting that R(t) < R,
we can state the following:

Lemma 1 Assume Ry < R. Then R(t) < R for all t. And, hence, log(R;) >
log(Ry) — Bt.
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Proof. See Appendix.
We now summarize our first key results in the proposition below:

Proposition 1 To simplify notation, define ¢ = % Assume n =0

and g—i— W < 1. Then the solution to the social planner’s mazimization
problem is an optimal BGP that is uniquely defined as follows:

i,o= 2
12

im _ Bp
e(1-p8)+ BB

L, = 1—Ly—1Ly

Rt _ Roe—Bimt

At _ Aoe)\(ufl)(lfﬂmfl:z)t

Proof. See Appendix.

Lemma 2 Let L}, and L}, be solutions to the social planner’s mazimization
problem. Then L%, and LY., satisfy the following differential equations:

th

7., = PLet—p (17)
oLy | aBnRy a(l—B)n
% 1oa(l— B) + Baf] L = 2= R, (18
pol + I, + I [pa(l = B) + Baf] Lt IR R (18)
_ (A=a)A(p-1)
where Y = W

Proof. See Appendix.

Lemma 3 The solutions to the social planner’s mazimization problem, L%, and
Ly.., take the following forms:

1

Ly, = W (19)
1
Ly, = - - (20)
t o bar)du (Cl _ f(f h(z)e~ I3 b(u)dudz)
where
R*
b(u) = p+ng
o(1-75) n(l-p8) R;
= B —
h(x) 3 + B+ 5L, X i
o 1-anp-y
a(l—p5)

cgt > 0,¢, >0
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Proof. See Appendix.

Lemma 4 Let v(.) be a continuous function, then the following applies:
t T "t
/ ’U(Z‘)B_ IS v(u)dudaj —1—e" Jo v(u)du
0

Proof. See Appendix.

Lemma 5 As soon as ¢, = 0, the following condition holds:

1—
B_ 8
Lo~ L

Proof. See Appendix.
Now let z; = log(A:) and wy = log(R:). From (26), one can define that:

Mz, 2, wi, ) = (1 — )z + aff [wt + log <77(1 - ew) - wt>:|

2 n
+ a(l — B)log {1_)\@1)_3

To simplify notations, we define the function:

. . Z"t n e“" Ii]t
G =|1l-——=(1-—= —
(Zt;wt7wt) [ A(ﬂ*l) B< R + B:|
The following lemma is the corrolary of Lemma 5:
Lemma 6 When ¢, =0, we have:
1-— 1
— fw’é — + a.( B). x =<0
7](1 — ?) — W G(zt,wt,wt) B

Proof. See Appendix.
Lemmas 4, 5, 6, and their corrolary are crucial for our next main results
below:

Proposition 2 Assume Ry < R and g < 1— 3. Then the social planner’s
optimal solutions are

* pr—
th -

— S

L*

mt —

e blu)du (01 — [ n@)e b(u)dudx>

E= A - (1 - L — L)
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Ry, Ay are given and

_ (1—a)A(p-1)
Y =05
bu) = p+ 07

h(z) = U=e=l) 4 gy 100 o B

cr = [ h(z)e” Jo bluw)du gy,

Proof. See Appendix.

Remark 1 Ifn =0, then L}, takes the value of the BGP derived in Proposition
1.

4.2 Long-run properties of the optimal paths: conver-
gence to the BGP

In this subsection, we will first prove the existence and uniqueness of the BGP.
We will then show that the optimal paths obtained in the previous subsection
will converge to the BGP.

Proposition 3 Assume

2Bp+(1-B)en—v2
2B(1-B)¢ <1
where I\ = 4B2B32p? + (1 — 8)%¢*n* and ¢ = % then there exists a
unique BGP that is described by

L, =

S

i — 2BBp+(—-Blen—vA
m 2B(1-B)¢

Proof. See Appendix.
We next prove the convergence of the optimal paths to the BGP:

Proposition 4 Assume parameters are such that the BGP exists. Then the
dynamic system is saddle point convergent.

Proof. See Appendix.
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5 Properties of the BGP: a comparative statics
study

Having known that the economy will converge to the BGP in the long-run, it
will be interesting to discuss the properties of this BGP. In other words, we can
do the comparative statics at this long-run equilibrium and analyze possible
impacts on output growth and welfare. This section is devoted to that task.

Proposition 5 Other things equal, along the BGP for each type of resources,
output growth and welfare are increasing in parameters characterizing produc-
tivity of the RED sector (A and p) but decreasing in the rate of time preference

(p)-

Proof. See Appendix.

The results are quite intuitive. When A or p increases, it becomes more
socially efficient to invest in the R&D sector (relatively to other sectors) so
the social planner will choose a higher level of L, which then enhances growth
of technological knowledge and output. An increase in p means households
value current consumption relatively more than future consumption. In order
to produce more output to meet higher consumption demand today, the social
planner will direct more labour to work in the resource sector (I:m increases)
and the intermediate goods sector (f/I increases). As a result, there will be a
fall in L, meaning lower growth of technology and output. Consumption growth
will also be lower because consumers increase current consumption relatively to
future consumption.

Because an increase in either A or p raises output and consumption so welfare
rises. However, an increase in p reduces welfare as it makes the whole path of
utility fall below the one before the shock.

Proposition 6 Other things equal, along the BGP, an improvement in the pro-
ductivity of the resource sector (an increase in B):

e increases both welfare and output growth if resources are renewable.

e increases welfare but has no impact on output growth if resources are non-
renewable.

Proof. See Appendix.

The results can be explained as follows. An increase in B makes it more
productive to extract natural resources. Equivalently, less labour is needed for
producing resource material to meet the existing market demand. Hence, the
social planner will allocate less labour to the resource sector (ﬁm decreases)
and more into the R&D activities (L, increases).> This change will increase
welfare as there is more output and consumption created. It will also increase

3 Another way of looking at this is that as the social planner always knows the optimal
level of natural resources to be R = R(1 — BLT"”‘), he will reduce L, in accordance with the
amount of increase in B.

10
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output growth for the case of renewable resources because the growth rate of
technology is higher. However, it does not affect output growth under non-
renewable resources. The reason is that an increase in B, on the one hand,
increases L, and, hence, technological change, will also exhaust resources at a
faster rate on the other (the fall in Ly, is less than the increase in B). These
two opposing effects cancel out each other at the optimum.

Proposition 7 Assume parameters are such that there exists a BGP for each
type of resources then output growth is generally higher under renewable re-
sources than under non-renewable resources.

Proof. See Appendix.

In this economy, output growth comes from two different sources: the evo-
lution of technological knowledge and the natural resource dynamics. Because
natural resources cannot grow without bound, the best trajectory that the so-
cial planner can choose is to reach the optimal level of resources at which the
rate of resource extraction is equal to the rate of natural growth. However, this
policy is only achievable in case of renewable resources. With non-renewable
resources, the rate of resource extraction always soften the rate of growth of out-
put as output needs to increase to make up for the amount of natural resources
that has been depleted. Given that technological progress is the key driver of
the economy, it in turns requires the evolution of technological knowledge be
strong enough to lift the economy up out of the stagnation trap.

6 Concluding remarks

This paper has introduced a resource sector into an endogenous growth model
with R&D investment. We have shown how the dynamic equilibrium could
be represented by a dynamic system characterized by the sectoral allocation of
labour, the evolution of technology and the dynamics of the resource stock. We
show that under plausible assumptions, the social planner can achieve a stable
transitional dynamics to an optimal balanced growth path. The model results
in an equilibrium in which the stock of resources remains in finite size while
other sectors carry continuous growth.

The balanced growth path equilibrium has the following features. Equi-
librium growth rate in an economy endowed with renewable resources is higher
than it would be in the case of non-renewable resources. As soon as the research
sector is highly productive, positive growth is always sustained.

We have also examined the long-run reaction of the economy to a number of
changes regarding innovative production capacity, rate of time preference, and
resource sector productivity. While an improvement in productivity of the R&D
is always growth and welfare enhancing, that of the resource sector is subject to
the type of resources that is considered. As for future research agenda, it would
be interesting to see the extent to which empirical evidence is consistent with
these theoretical predictions.

11
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Appendix

Proof of Lemma 1

We will prove this lemma by method of contradiction. To that end, assume there
exists to such that R(ty) > R. For any ¢ > 0 which satisfies R 4+ ¢ < R(to),
there exists t € (0, to) such that R(t) = R + . Now define:

I.={te0, t]: R(t)=R+e}

Since R; is continuous, the set I. is compact. Let t; = max{t : ¢t € I.} then
t1 < tg. Evaluating the dynamics of resources at time t1, we have:

R(t) e
<R(t)>t =~ ~BLw <0

Hence, for t' € (t1, to) that is close enough to t1, we have R(t') < R(t1) =
R+ < R(to). In this case, there must be t, € (', to) such that R(ty) = R+e¢.
This implies t3 € I, and to < t; < t' which is a contradiction. Therefore,
R(t) < R for any t.

From equation (16), we have:

dlog R
dt

Z _BLmt Z -B

since L,,; < 1. By integrating this inequality we get log(R;) > log(Ry) — Bt.
]

Proof of Proposition 1
We will prove this proposition in two parts. In the first part, we prove that there
exists a unique BGP that solves the social planner’s maximization problem. In
the second part, we show that this BGP is optimal.

Using (6) and (10), the utility function can be rewritten as:

U= [log(Al B LeREPLOS ) emrtdt

On the BGP, we now have R, = Roe Bl where Ry is the initial stock of
natural resources. With a note that [ te™P'dt = p—lz and [~ e Ptdt = %, the
utility function on the BGP is:

pU = (1—a)log(Ag) + aBlog(B) + aflog(L.,,) + aflog(Ry)
+ ol - B)log(L,) — afBLm i (I-a)AM(p—1)1— Ly — Ly,)
P P

L, and L,, will be chosen to maximize this utility functions. The first order
conditions give:

i, = ap(l - B) _Pr (23)

Ap=1)1-a) ¢

12

Documents de Travail du Centre d'Economie de la Sorbonne - 2014.75



" AMu-1)(1-a)+BaB  p(1-pB)+ B

where ¢ = % Clearly, L,>0and L,, > 0. Hence, the value of L, is:

i aBp _ Bp (24)

P Bp
o5 BB (25)

When L >0 or £ m < 1 we automatically have 0 < LQc7 Lm7 L < 1.
With these obtamed results, we can calculate the growth rates of technology and
natural resources along the BGP as follows:

R, = Roe~BLm!
A, = Aoe)\(ufl)(lfﬁmfﬁz)t

To prove that this solution is optimal, we compute the following:

AU =
limz_ o0 [ M 10g (Ag-a Baﬂi;ﬁéfﬁﬁﬂl*@) ertdt — [T log (Ag—aBaﬁ L;finﬁLgt“*ﬂ)) .e—ptdt}

Using integration by parts we have:

foT log (/1%_0‘) e~Pdt = {—%e‘f’t log (/1%_0‘)} + f pe‘pt (1-a) A%*dt
$3 108 (R37) st = [ hemrton (R2P)] |+ bemran
Jy og (A}72) em#tdt = [~Le 7" log (Atl‘“)] + fy LemPh(1 - a)4dedt

fOT log (Rf‘ﬂ> e Pt = {—%e‘pt log( aﬁ)} + J;T 1 _ptaﬁ%dt

In addition, applying the inequality = > log(1 + z) we have:

log( ) log(1 + mz:fmt) < Lmtizfmt
Hence
—aplog(knt) > —af. Lug=Lns
or

af |10g(Lms) — log(Lmt)| > 0‘5'%2;,”5%

13
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Similarly, the following holds:
a(l —B) [log(ﬁzt) — log(Lm)} > a(l - 5)%

Inserting these results into the equation for AU and observing that:
[~2erttog (A41-)] ™ = [~2eerlog (41-)] " = Liog (41)
o g\t o LT g \ Ay 0o p g Ao

s ()] = [ ) s )

we get:

AU > [ Lemet(1—a) Pt + [ Lertap Bt + [ etaf Lot=Lurit +

+oo _ Lyi—La +oo 1 A +oo 1 R
Jo e Pa(l = B).emendt — [T L (1 - a)gtdt — [ e Ptafptdt

Using (23) and (24) then:

fovni— Ap— — B T
aﬁanliment — (p 1)(1p a)+ aﬂ'(Lmt _ Lmt)

a(l — ) Legeter - Mu—DO L8080 (1, — L)

Plugging these results in, we can figure out that AU > 0.
]

Proof Lemma 2
The maximization problem for the social planner of this economy is to solve:

max fgoﬁ(AhAtht,Rt)e*ptdt

where

. ) R .
L(A:, Ay, R, Ry) = (1 — ) log(Ay) + aflog {nRt (1 — Rt> — Rt]

At n R, Rt
R S P
ANu—1 B ( R) * 3R

+a(l — B)log (26)

Considering interior solutions, we have the following Euler-Lagrange equations:

d[oc oL

| = ot _ = -t

dt Lﬁmf } oA, °¢ (27)
d[oc oL

| =t _ Y= -pt

dt [aRte } R, ¢ (28)

14
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The LHS of (27) is given by:

_.a1l=08) 1 et Lyt
e Pt + a(l — L+ —%
p )\(/,1, - 1) Atht AtL;Et ( B) ¢ /\(/j/ - 1)L:Et
while its RHS is equal to:
e_ptl —a n a(l = p5) L""te—pt
At th At
Equating the LHS with the RHS gives:
1-6) 1 1 L
o B)7+7Q(1_5) ot =l-«a

PN —1) Lat " Lt At — 1)Ly

or

Ly
pa(l=B) +a(l = F)7* = (1= a)A(s — 1) Luy
x
Further simplifying leads to:
Ly (1—a)\p—1)

L St Uiy
p+th 04(1—6) xt

g Qe @-1) _

Using the notation that is previously define a(1=5)

@ then:
Fet = oLy — p
Similarly, the LHS of (28) is:
_pefpt _ Ckﬂ + a(l - 6)
BR: L+ BR:L,;
af ( Lot 1 B ) a(l — B)Lwt a(l—=75) -
halad L —

— R
B \ RiLy,; LR} BRL2, BR?Ly

+ et

and its RHS is:
af 2R, a(l—=p) n R,

g2 ) = L -

BLmi Ry R L. \BR BR

Now equating LHS with RHS noting % = p to get:

e~ Pt

po + gl + R — [pa(1 — B) + Baf) Ly = “- R Ly Ry

m

Proof of Lemma 3 )
Consider equation (17), we write T = ﬁ to obtain T = pT — . After sloving
this simplified differential equation we get:
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* 1
th_

Ztcgert

with ¢, > 0 being a positive constant.
To get the functional form of L7, we transform equation (18) to obtain:

Lo+ (p+ 2 ) Lot = (€572 + B+ 202000 12

To simplify notations, define b(t) = p + "Tlf" and h(t) = “"(1 54 B+ "%RL'B)Rt.
The above equation now becomes:

Lot + b(t) Ly = h(t)L2,,

Let 2z = ﬁ (noting that L,,; # 0) then 2, = —ié’”. This is equivalent to
m mt

Lyt = —z'“thm. Substituting results into the above equation and simplifying

gives:

Zt — b(t)zr = —h(t)
The homogeneous equation takes the form:
Z—b(t)ze =0
This equation yields the homogeneous solution as (noting that z; # 0)
b(u)du

zp = clefo

Returning to the original non-homogeneous equation given above (h(t) # 0),
assume that a particular solution exists and takes the following form:

zZp = y(t)_efot b(u)du

where v(t) will need to be determined. Substituting this into the LHS of the
non-homogeneous equation yields:

i —b(t)zp = v/ (1) "M L (t)els () —b(tyu(t)els B = yf (t)els blu)du
The function v(t) must be chosen so that:

V' (t)els Mde = _p(1)
or equivalently

U/(t) — —h(t)

E’jé b(u)du

Upon taking integral we get:
h
== fo s b((gi))du dr + cp
For simplicity, set ¢ = 0 then z, = —elo blw)du fg efé“’hb(%dz = —elo b(t)at fot h(x)e™ Jo bwdugy,
The general solution to the non-homegeneous equation will be:
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2= 2 + 2y = cyelo du _ g b(u)du fot h(x)e Jo blwdu gy,
Thus,

L. = L =
mt e‘fé b(u)du(cl _fof h(z)e™ 1§ b(u)dudx)

where ¢; > 0 is a constant. It can be shown that in the special case when 1 = 0,
we have:

L* .= 1
mt a-5) 1 b
(¢T+B)~;+Cmepf

where ¢,, = ¢1 — (% + B) .% is a positive constant.
n
Proof of Lemma 4

We have:
U(x)e_fdr v(u)du _ _i (6_ Iy v(u)du)

dx
Hence, it follows that:

x=0

t o
/ U(l’)e_f: U(u)dudit - _ [e—_f: U(u)du] ¢
0
= 1—e" j(f v(u)du
]

Proof of Lemma 5
Let ¢, = 0. First, since L},, > 0, V¢ we must have ¢; > [;° h(x)e~ Jo blwdugy,
Let A = 1L:ﬂ B we have 358 = (1 — 6)%. Tedious computations lead to:

- * 9 *
xt Lmt LTf

7j[§ b(u)du __ 90(1 - 6) 77(1 - B)QPR(t)] — tfjg %—(T’)dz
h(t)e = [5 + B+ —ﬁpR e P ,

Using Lemma 4 we obtain:

t t
/ h(w)e~ J5 b gy — B/ o I bOndu g (1 —8) (1 I b(u)du)
pB

0 0

so that
B

*
Lmt

t
Beyelabwidn _ gpels b(u)du/ o buydu g, e(1-p5) ot budu o(1-7)
0 P 4
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Therefore

t
A = _feyelibwidn | gl bwda / o pangy,  PA=B) jepan
0 p
= —Bef(f b(u)du <C1 B/ oI5 b(wdu g, p(1 - 5))
pB
Since
a 2z / h(z)e™ Jo bwdugy,
0
_ B/ o Ji vwdu gy | P —6) [1- e Jpoma) ™
0 pB 0
we get
t
¢ - B / o Jebwdug,  P1—B)
0 pB
> B/OO o Jevtwdug, P =B) = suau
I pB

el x
> B/ e~ Jo blwdugy
¢

since e~ Jo~ b(Wdu — (0 Thus, A < 0.
|

Proof of Lemma 6
We have n(1 — %) — Wy = BLpyy and G(Z, wy,w;) = L. Hence

a8 al=p) 1 _ —aB  ol=pH)
n( _%)—wt+G(ét7wt>wt)xB - BLmt+ BLat

1 —

o g ﬂ — i < 0
B Lft Lmt

where the result obtained in the second line comes from Lemma 5.

]

Proof of Proposition 2

Part of the proof for this proposition has been done in Lemma 3. Here we only
need to show that the solutions to the social planner’s maximization problem
are optimal. We have:

1 B/ e -Jy b(u)dud$+ ( _B) 1 _e—f0°° b(u)du

pﬁ
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since e~ Jo b(wdu — Hence, it follows that

t t
o — / h(z)e I bwdugy  — o B/ o S b(uw)du g, o(1—7) . (1 — 5)6_ Ji b(u)du
0 0 pB pB
— B/ e I b(u)dudm + 90(1 — ﬂ) e S b(u)du
t pB
Therefore 1

*

L =
mt Bef(f b(u)du ftoo e~ I b(u)du g, + W(;g/@)

Obviously, L}, < @(fi%. Now observe that

efot b(u)du/ e IS b(u)dudaj _ / e I b(u)dudw
t t

> 1
< / e PE=t) 1y — =
t P

Thus, L}, > %P}(ﬁm = Bﬁ+g[(31—ﬁ)' Since LY, + L,, < 1, we need to impose
that: 5
P P
—+ ——x <1
)
or equivalently
P13

Again, let z; = log(A¢) and wy = log(R:)

M(z, z,w,w) = (1 —a)z + af {w + log <77(1 -

:Ul‘ %
N
\

g.

| &

z n e
1—Rlog(] — ——— — (1 — — 5
+ a1l —B)log( o= 1) 5 R)+B) (29)
The maximization problem is to solve:
max I?M(Ztajtawtywt)e_ptdt

Considering interior solutions, we have the following Euler-Lagrange equations:

d [OM oM

| et _ I —pt

dt |: 62,5 € :| 8zt ¢ (30)
d [ oM oM

| ot _ T =t

dt {awt } dw; (31)

Let
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One can check that (30) can be written as

i _a(l — B) 1 e Pt = —a)e Pt
it ( Np=1) < Glw, ) ) (1-) (32)

while (31) can be written as:

d af a(l —p) LY
dt l<_n(1— =) —w + G(2,w,w) X B) ¢ ]

ag B M, al=B) M L) -
_<a”8 - —w R +G(z’,w,u’))XRBe>ept (33)

We will show that

oo

lim [M (2%, 2%, wx, %) — M(z, 2, w,w)] e tdt >0
T—4o0 0

where z; = log(4;), w; = log(R}), z = log(A;), w; = log(R;). The variables
A}, R} are given in the statement of Proposition 2. The variables A;, R; satisfy
the dynamic equations (15) and (16).

We have
Mz, 2%, wx, k) — M(z, 2, w, ) >
* * Oéﬁ N, w* w *

1- - - - — L — ey — (it —

(1= @)(ef = 2+ (] —w) 4~ im [ (e ) = (0 - )]
Oé(l*ﬂ) l: 1 % . n w* w U)*’LU:| O‘ﬂ .

+— - - 2 —z)+ =zle” —e”)+ — e wy —wW

G (%, w*, w*) )\(u—l)( ) BR( ) B (1 — < )7w*( £t

* * O‘B 04(1 - 6) n w™* w

= (1—- - - = : - =(—

(s —z)rastv: th(’l(l — ) — G(z*,w*,w*)B) AR

Oé(].—ﬁ) 1 ck s Oé(].—ﬂ) P Ckﬁ sk

GG w0 Ap =D TG e anB T T ey g ()

On the one hand, we have:
—e" e > —e" (W' —w)
On the other hand, from Lemma 6, we have:
ab __al=h )
n(l - £5) — W G(#*,w*,w*)B
Hence
O‘ﬂ Oé(l - B) n w™ w
e : - X =(—e” +e
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Ty "y G wt,u)B

> — < a? __o=p ) X Qew*(w* —w)
(1 — R

and

M (2%, 2%, wk, wx) — M(z, 2, w,w) >

-t =20 - S5 a4
* a/B O‘(l_ﬂ) UBRT * 04(1—5) .
st _wt)_<n(1 BT G(z*,w*,w*)B> R GG o B
of e
Mg —ar
Let
T
Ap = / [M (2%, 2%, wk, %) — M(z, 2,w, )] e Ptdt > Ip + Jr
0
where

Ir = /OT [(1 o) (e — ) — AL =H) L (5 — z)} ePLdt

e . af a(l - f) 7 o )
" _/0 laﬂ(wt o (n(l— =) _ir GG w,i)B) R (w" —w)| e "dt

T 1— T
+/0 M(w* —)e Ptdt —/O n(a?(wf — y)e”P'dt

G, w*,w")B

Computing I, we get:

Iy = /OT {(1 —a)e 4 i‘g

1-p)d < 1 )ept)] (2 — z)dt

p—1)dt \ Gz, w*, u*
a(l — 6) 1 * —pt g
Alp—1) [G(i*,w*7w*)(zt e 0
Using (32), we have:
a(l—ﬁ)[ 1 _tr a(l=B)  zh—ozr
Ir = — - — (2] —z)e | = — ¢
M) 6w a) & T T TN ) @G )
since 2§ = 2o = log(Ao) and G(4j, wi, wg) = Lyg = Z. Observe that we have:
G(ZTawTawT) - LxT - ;

log(Ag) < 27 <log(Ao) + A(u— )T
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and
log(Ao) < 2z < log(Ao) + A — 1)T

Therefore, we obtain:

T—+o00

Now consider Jr. We have:

Jr = /OT aﬁ(wz‘—wt)e‘Ptdt+a(1]; f) {[(wt _wt)e_pt}: - /OT(wZ‘ —wy)

G, w,u")

_ T af 7 a(l =) o
/0 <77(1—ew1;)—w* G(z’*,w*,w*)B>XR@ (w* —w)

T
af * —pt T * d e Pt
— | —5——(w} —wy)e + [T af(wf —wy) % | —E5—— | dt
[n(l—ﬂR )—w*( ¢ ) }o Jo aBwi 2k (n(l—eR —w*>

w*

Now using (33), and observing that G(¢*, w*,w*) = L3, n(1— %5 )—w* = BL},,

and w = wy we get

—pT

UE2 - | wi - ure

m

h:[
We have: B
log Ry — bT <log R} = wp <log R
log Ry — bT < log Ry = wr < log R
which implies -
(log Ry — bT)e T < wihe PT <log Re™*T
(log Ry — bT)e_pT < wpe P <log Re *T

Hence, we can induce that:

lim wie T = lim wre ' =0
T— 00 T—o00

These imply:
lim JT =0

T—4+oc0

And finally, we obtain:

T—4+o0

That is the end of the proof.
]
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Proof of Proposition 3
On the BGP, we have A; = Apet94 where A is the initial level of technology
and g4 is the constant rate of growth of technology. Given that the rate of

growth of resources gr = 77( — %) — BL,, is constant on the BGP then

R=R (1 — %) is also constant. Note that the condition 0 < IA/m < % must

hold for R > 0.
The utility on the BGP is:

U = (1-a) /oo[log(Ao)+tgA]e_Ptdt+aﬂ/oo log(B)e "'dt
0 0
log(Ly,)e Pdt log(R)e*"dt
+ of [ oa(La)e i+ af [ loa(Rye
+ a(lfﬂ)/ log(Ly)e Ptdt
0

Using [~ te™Ftdt = p% o emrtdt = % and noting g4 = Mp — 1)L, = AMp —

1)(1 = Ly — Ly,) the above utility function becomes:

pU = (1 —a)log(Ao) + aflog(B) + aflog(Lm)

+ aBlog(R) + aBlog(l — %) +a(l—-7) log(ﬁz)

(1= )M = 1)1 = Ly — L)
p

+

We now maximize U with respect to ﬁm and fjm. The first order conditions
with respect to these choice variables give:

B 1 _(l—a))\(u—l)
T . oBp (34
and

Tod—a)Ae-1) e
The left hand side (LHS) of equation (34) is increasing in L,,, equal % when

Ly = 0 and approaching +oo when L,, — % The right hand side (RHS)

is, in contrast, decreasing in im, approaching +oco when L,, — 0 and equal
% — %2(:71) when L,, = %- Hence, this equation has a unique solution
Ly € (0, ).

Actually, equation (34) can be solved explicitly to get the expression of L.
Indeed, rearranging (34) gives a quadratic equation of L,,:

BA(u—1)(1 = a)L2, = [2BaBp+ Au— 1)(1 — a)n] Ly + afpn =0
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Noting that ¢ = %, this equation can be rewritten as:

B(1-B)pL2, —[2BBp+ (1 — B)gn] Lin + Bpn =0

This equation has two distinct real roots but one of them has to be ruled out
due to violating L, < 2.% The accepted root is L = 235”;&1(;?)52_\/5 where
A:4B2a2ﬂ2p2+(1j5)2<p27j2. ) ) )

Having obtained L, and L,,, we can calculate L, = 1—- L, — L,, = 1 —
W. Since I:m >0, I:m > 0, the condition IA/T >0or W <
1 is sufficient for L., L,,, L. < 1. Using these results, the growth rates of tech-
nology, natural resources, output, and consumption are calculated as follows:

gaA = A(M - 1)L7‘

gr =20

gy =g9c=(1—a)ga=(1—a)\(u—1)L,

Proof of Proposition 4
We consider dynamic equations (16) and (18). We can write them as follows

R

— = G(Ln, R
i (Lme, R2)
L

7 = H(Lp, Ri)
mt

where

G(Lmtht) = 77(1 - %) - BLmt

H (L, Ry) = “"a(lffﬁBaﬁLmt + igﬁ%ﬂmt& —p— 1

The BGP (ﬁm, R) are solutions to the system:
G(Lmt, Rt) == 0, H(Lmt, Rt) = 0

However, we can introduce the variables w; = log(R;), v; = log(Lm¢). To
simplify notations, we drop the time subscript ¢ unless there is a confusion. The
dynamic system becomes:

4The ruled out root is L., = 23&,@;}2;);\(&111))((11:0;))7]+\/Z.
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e

O = |:‘P(1*%)+Bﬁi| ev + (ézf]){levew —p—

s

The BGP satisfies:

|:89(1—g)+3ﬂ] ev 4+ (é;f])%?evew —p— %ew =0

The Jacobian matrix of the system is:

w

_ﬁ; —Be?
J = _ w _ _
A=B)n v, w _ nev |:<P(1 ,68)+B5:| ev + (;Lfl){]evew

BL.R ¢ € R

Let A\; and Ay be eigen values of vector J then they will be solutions to the
following equation:

N —tr(J)A+det(J) =0
It can be seen that A\; and Ay will satisfy:
AL+ Ao = —tT(J)

/\1)\2 = det(J)

Evaluating at BGP value, we obtain:

det(J) = 2" [ Bev (U5 1) — p— 27

Because (1;12)521 —1) < 0 according to Lemma 5, det(J) < 0. This means

that Ay and Ao take real value with \; > 0 and Ay < 0. The BGP is saddle-
point. Since the problem is not concave, we will prove that the stable manifold
is actually optimal.

Now take a feasible path on the stable manifold and close to the BGP.
Denoting it by (z*,w*), we have:
1
Loy = :
efo b(u)du (Cl _ f(f h(x)e_ Iy b(u)dudx)

in which ¢; > [;° h(z)e™ Jo *(Wdudy and

(—a)u=1) , , 0l-5)

he) = fo ThLn, R
(A =a)Ap-1) n(l—B R;
= Ba + B+ Bp X 7
25
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We claim that ¢; = fooo h(z)e” Jo ¥wdu gy Indeed, we have

/OO h(z)e™ Jo blu)du ga. B/Oo e~ Jo blwdu g, 4 M
’ 0 B

. Assume ¢c; =a+ B fooo e Io bwdugy 4 % with a > 0 then

t ¢ x t t & x (,0(1 - ﬂ)
efo b(u)du (Cl _/ h(x)effo b(u)dud$> _ ae.fo b(u)du + Befo b(u)du/ effo b(u)dudm +
0 t pB
> aelo bWdugy +o00 when t — +o00

Therefore L},, — 0 when t — 400. Because we are on the stable manifold at

which L}, converges to a strictly positive value, we have a contradiction. Thus
1 = [ h(z)e Jo ¥Wdudy and

1
L, =
mi BefO{ b(u)du ftoo e~ I b(u)du g, + W(;;ﬁ)

We compute again
T
At =/ [M (2%, 25, w, 1) — M(z, 2, w, )] e dt
0

where (z,w) is a feasible path. The technique in the proof of Proposition 2 can
be used again to obtain:

Ap > Ir+ Jp
where
a(l - B) 1 A
) A— * P - _ p
STy [G(z*,w*,w(zt A Pt Vo R F o
and

T L

BL:  BL; | T YT
We still have:
2z = 20 = log(Ao)

Lo = i
and
lim; oo IT =0

We also have: -
log Ry — bT <log R} = wp <log R
log Ry — bT < log Ry = wr < log R
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which implies -
(log Ry — bT)e T < wie ?T <log Re *T

(log Ry — bT)e T < wre T <log Re~*T

Because L}, converges to a steady state which is strictly positive, we get:

lim Jr=20
T—+o00
This means that the optimal path locally converges to the BGP.
]

Proof of Proposition 5

(i) When resources are renewable:

When A (or u) increases, the RHS of (34) decreases while its LHS does not
change. The graph of the RHS shifts down implying that L,, decreases. It is
obvious that in this case I:m decreases. Hence, I:T increases since I:r =1- I:m —
Lum. As a result, gy increases.

When p increases, L, increases as per (35). The graph of the RHS of (34)
shifts up while the LHS does not change implying an increase in L,,. Therefore,
L, decreases and, thus, gy decreases as well.

As for the welfare effects, we have:

o 1%[046_ Bag _(l—a))\(u—l)}
or — p ox |L, n—BlL, P
1 0L, [a(1=8) (L—a)A(u—1)
s 3/\{ L. p }
N (1_04)(#_1/))(21_@_%)

Observe that the first two terms are equal to zero along the optimal BGP as
per (34) and (35). Hence, & = (-o)u-1){-L,-L

u (=M 1-La=Lm) - () and w1y (1704)(%12)217%7%,) <.
(ii) When resources are non-renewable:

It is obvious from (23) and (24) that when A (or p) increases, Ly and L,, both
decrease meaning L, increases and gy increases (because gy = (1 — a)A(p —
1)IA/T — aBBf/m). By contrast, when p increases, I:m and I:m both increase
implying L, decreases and gy decreases.

Regarding the welfare effect, we have:

m) 5 0. Similarly, we have
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o lﬁf/m [aﬂ_Baﬂ (1—a)/\(u—1)}
oA p-ON L, P p
1 0L, {04(1 —8) (A =a)Ap- 1)}
+ - — P
p OA L, p
+ (I—o)(p—-1)1— Ly — Em)
2
p
With a note that the first two terms are zero according to (23) and (24) then
U - (1"“)(“*1)0(217“7&") > 0. A similar result applies for u as %Z =
W}*Lm) > 0. However, % — ,%U, anSLm _ (1*0)(/1*12)(31*%*&11) <
0.
[

Proof of Proposition 6

(i) When resources are renewable:

From (34) and (35), it can be seen that an increase in B does not affect L,.
However, it reduces L., as the graph of the LHS of (34), which is increasing in
Ly, shifts up while the RHS of that equation, which is decreasing in Lo, stays
the same. Hence, IAJT rises and so does gy .

: S ; U _ aBLm [_1 B _
With resﬁpect to welfare, using (34), we have 5% = 5 [Z =l
(1%“))")(27‘;;1)&" > 0 meaning welfare rises with B.

(ii) When resources are non-renewable:
Plugging the values of L,, and L, from (24) and (25) into the equation for the
growth rate of output along the BGP we obtain:

gy =Ap—-1)(1—-a)—ap

It can be seen that B does not appear in the result for gy. Hence, an increase
in B does not have any impact on long-run output growth.

As for the welfare, we have 24 = 28 [i — LT} From (24), it can be figured

OB p | B
out that L,, < &. Therefore, g—% > 0 or U is increasing in B.
[

Proof of Proposition 7
Under renewable resources, output growth is:

gY:a(l_ﬁ)w_aerW

where A = 4B2%a?3%p? + (1 — 8)?¢?n%. Under non-renewable resources, output
growth is:

gy =a(l =B)p—ap
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Clearly, A — (1 — 8)pn > 0 implying a generally higher output growth for
renewable resource case. The two rates are equal only when /A —(1—3)en =0
or 8 = 0 meaning there is absolutely no utilization of natural resources in
intermediate good production.

Obviously, along the optimal BGP for renewable resources, output growth
is non-negative. Along the optimal BGP for non-renewable resources, output
growth may be negative if:

(1-B)p = L=l <

[e3

However, this condition violates what stated in Lemma 5 so negative growth
will not occur. Hence, we always have A\(u — 1) > 172 implying that as soon as
the R&D sector being sufficiently productive, positive growth will be sustained
no matter what type of resources is employed for production.
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