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1 Introduction

An important question that has captivated the attention of environmental economists is whether growth
is sustainable in the presence of natural resource scarcity. The issue concerns both academics and public
decision-makers, notably in the current context of increasing energy demands and the depletion of fossil
fuels expected in the near future. The new growth theory gives the answer that with some technological
properties, growth may be sustained in the long-run even if resource stock is finite. This conclusion
can be successfully summarized in Smulders (2005): ‘...that a society willing to spend enough on RED
can realize a steady state of technological change sufficient to offset the diminishing returns from capital-
resource substitution and sustain long-run growth’, and in Bretschger (2005): ‘...technological change
has the potential to compensate for natural resource scarcity, diminishing returns to capital, poor input
substitution, and material balance restrictions, but is limited by various restrictions like fading returns to
innovative investments and rising research costs.’

However, the literature does not pay enough attention to the existence of the proposed theoretical
solution and their empirical justifications. This is particularly due to the difficulty of building a testable
version from a complex theoretical framework.

A recent strand of literature concerns the search for empirical evidence for the proposed theoretical
models. Pioneer works were done by Brock and Taylor (2004), Alvarez et al. (2005), Bretschger (2006),
Miketa and Mulder (2005), and Mulder and De Groot (2007). Brock and Taylor (2004) proposed a
Solow growth model with pollution together with empirical justification. They found evidence of an envi-
ronmental Kuznets curve (an inverted-U shaped relationship between emissions and income) for OECD
countries. They also showed that pollution emissions have a convergence feature, like income convergence
in empirical growth studies. Alvarez et al. (2005) provided a Ramsey growth model with pollution which
is compatible with the empirical finding about pollution convergence in a panel of European countries.
Bretschger (2006) provided an empirical validation of the balanced growth path derived from an endoge-
nous growth model with energy. The author also obtained that rising energy prices are not a threat
to economic development. Miketa and Mulder (2005) and Mulder and De Groot (2007) found evidence
for conditional convergence in energy productivity, i.e. convergence based on country-specific conditions,
which seems support the underlying Solow-Swan growth model.

In line with this strand of literature, our paper addresses an endogenous growth model of which the
results may be tested with real data. We provide a framework where technological change is endogenized
and the production employs labor, physical capital, and both type of renewable and non-renewable
resources.! The roles of renewable and non-renewable resources have been simultaneously analyzed in
some recent studies, e.g. Tahvonen and Salo (2001), Gerlagh and van der Zwaan (2003), Tsur and Zemel
(2003), André and Cerda (2006), Grimaud and Rougé (2004, 2005, 2008), Growiec and Schumacher (2008).
However, they are mainly related to the substitutability of natural resources (substitution between man-
made and natural capitals, substitution between renewable and non-renewable resources) or technological
conditions that ensure a sustainable economic growth, and are not explicitly concerned with empirical
testing. Our paper investigates a different and more technical issue. We present a rigorous proof of the
existence of the optimal solution of a general model, which is often assumed in the many papers in the
literature. As always, the arguments for existence of solutions rely on compactness of feasible set and
some form of continuity of objective function. We first prove the uniformly boundedness of feasible set
(assumptions in d’Albis et al, 2002) that deduces the Lebesgue uniformly integrability. The theorem
of Dunford-Pettis ( Dunford-Schwartz (1967)) which characterizes the Lebesgue uniformly integrability
and the relatively weak compactness of feasible set is needed in the proof. Then we prove the set of
feasible consumption paths is compact. Combined with compactness, upper semi-continuous of objective
function is all that is necessary for existence of a maximum. For the proof we also refer the reader to
Mazur’s Lemma and Fatou’s Lemma. Next, we propose an analytical model with explicit computation
of the transitional dynamics and the balanced growth path. Finally, data on production and energy
consumption of OECD countries are used to perform an empirical test based on the transitional equations
of this analytical model.

The paper is organized as follows. After the Introduction, in Section 2 we introduce the general
optimal endogenous growth model. The existence and uniqueness of a solution is shown in Section 3. A
specific model is discussed in Sections 4 where the balanced growth path and analytical optimal growth

IMost of existing studies focus separately renewable and non-renewable resources. However, the literature is very
abundant to be cited here. See Kolstad and Krautkraemer (1993), Barbrier (1999), Scholz and Ziemes (1999), Bretschger
(2005), Smulders (2005), and Brock and Taylor (2006), among others, for some literature overviews.



rates are found. Section 5 presents the empirical test of the analytical model based on the results of
transitional dynamics. Section 6 concludes.

2 The model

The model can be heuristically described as follows. The aggregate output produced from the labor,
physical capital and two types of natural resources: non-renewable resources (e.g., fossil fuels) and re-
newable resources (solar, thermal, biomass, etc.). The final product is shared between consumption and
investment in physical capital. The representative consumer derives her utility from consumption. The

production function takes the form
Y= Aef(Ka LY?Q?‘R)

where A, Ly, K,Q and R represent the technological level, labor input, physical capital input, non-
renewable resource (or fossil energy), and renewable resource (or non-fossil energy), respectively.

We assume the law of motion of technological change is
A=U(A,Ly)

where L4 is labor employed for research and ¥ is a knowledge production function. Normalizing the
total flow of labor we have
Ly +Ly=1.

The final output can be allocated between consumption and investment (or capital accumulation)
K=Y -C-6K=1-0K,

where § € (0,1) is the depreciate rate of the stock of capital.

It is standard that the dynamics of stock non-renewable resource is following

S'Qt = _Qt7

where Sg, is the stock of exhaustible resource at time ¢. It follows from this equation and non-negative
restriction on () that

/ Qdt < Sg,.
0

The dynamics of stocks of renewable is
Sk, = h(Sg,) — R
where h is a regeneration function.

The representative consumer’s utility function is given by
oo
U= / u(Cy)e Ptdt
0

From now on, as it is not necessary, the time index is not included for simplifying our notation.

3 Existence of optimal solution

In this section, we prove the existence of solution to the social problem (P):

max/ u(C)e Ptdt
0

subject to
Sr = h(Sr)—R, (1)
Se = -Q (2)
A = WA Ly), (3)
K = A% (K,Ly,Q,R)—C — K, (4)
Li+Ly = 1, (5)



and C > 0,K >0,4A>0,0< Ly <1,0< Ly <1, given Ao, Lyo, Ko, 5¢,, SRy -

Note that § may be greater than 1, the maximal Hamiltonian is not concave in every state variable so
the Arrow or Mangasarian sufficiency theorem does not apply in our model. In such an endogenous natural
resources dynamic model with non-concave maximal Hamitonian, Kuhn-Tucker first-order conditions
together with transversality conditions are necessary and sufficient conditions for an optimal solution is
still a conjecture. (see Groth and Schou (2007, footnote 26, p. 93) or Groth and Schou (2002)). As
always, the arguments for existence of solutions rely on compactness of feasible set and some form of
continuity of objective function. We first prove the uniformly boundedness of feasible set (assumptions
in d’Albis et al, 2002) that deduces the Lebesgue uniformly integrability. The theorem of Dunford-Pettis
( Dunford-Schwartz (1967)) which characterizes the Lebesgue uniformly integrability and the relatively
weak compactness of feasible set is needed in the proof. Then we prove the set of feasible consumption
paths is compact. Combined with compactness, upper semi-continuous of objective function is all that
is necessary for existence of a maximum. For the proof we refer the reader to Dunford-Pettis’s Theorem,
Mazur’s Lemma and Fatou’s Lemma in the Appendix.

Let us denote by L'(e™*') is the set of function f verifying [;*|f(t)|e *'dt < co. Recall that
fi(t) € L'(e=rt) weakly converges to f(t) € L'(e ') for the topology o(L'(e=*!),L%®) (written as
fi = f ) if and only if for every W € L, [ fiqe™*'dt converges to [;° fWe Pldt as i — oo. ( written
as [° fi%e Ptdt — [° fUe Pt ).

When writing f; — f* we mean that for every ¢ € [0,00),lim; . fi(t) = f*(¢).

We make the following assumptions:

H1. The function u(C) : Ry — R is strictly concave, increasing and continuous.

H2. Functions f(K,Ly,Q,R) : Ri — R is continuously differentiable, increasing on all arguments
and

f(07) = 0,

Kl_ig_loofK(Ka17SQo,SRo) < 0.

H3. Functions W(A,La) : Rf_ — Ry is continuously differentiable, increasing in both arguments. Moreover,
there exists a constant b such that
U(A,Ly) <bA.

H4. Functions h(Sgr) : Ry — Ry is continuously differentiable increasing and there exists a constant
m such that h(Sr) < mSg.

H5. There exists k > 0,k # 00,k > 0,k # 0o such that —k < K/K and —p < SR/SR,—’IT < SQ/SQ.
H6. p > max{b, m,bl}.

H1-H4 are standards but we do not require the concavity of any function in the technology. Assuming
W(A,La) < bA has been used in Chichilnisky (1981) and it is weaker than the standard assumption
limg 0oPa=0(Vy = %};‘L“)) and means that after certain levels of technical change the technology
is constrained in its knowledge capital increases of productivity by the costs of maintenance, represented

by the depreciation parameter b. Similarly for assumption on regeneration function h.

Assumption Hb5 is reasonable. It implies that it is not possible that the growth rate of physical capital
or stock of renewable resource converges to —oo rapidly and is weaker than those used in the literature
where k is a physical depreciation rate (Chichilnisky (1981), d’Albis et al (2008)). Let us define the net
investment : [ = K — K = A°f(K,Ly,Q,R) — C. Then H5 implies there exist £ > 0,x # oo such
that I + (k — 0)K > 0. Thus if the standard assumption of non-negative investment holds (that means
capital goods cannot be converted back into consumption goods) then H5 holds with x = 4. Therefore
assumption non-negative investment is stronger than A.6 (x can take any value except for infinity). H4
is similar to A4 in d’Albis et al (2008) which ensures a finite value of objective function and the maximal
growth rate of the output is less than discount rate.

Lemma 1 Let us denote by K = (La, Ly,Q, R, Sq, Sk, A, K, C) the feasible path from Ao, Lyo, Ko, SqQ,, Sk,
which satisfies (1)-(5) and C > 0, K > 0,A > 0,Q > 0,R > 0,0 < Ly <1,0<Ls <1. Then K is

relatively weak compact in L*(e=P?).



Proof. By (1) and assumption H4 we have Sg < h(Sg) < mSg and we get Sg/Sr < m. Thus, there
exists S such that

0
Sr

Q t
SR§56m7

mSe™. (6)

IA A

Thus, Sg belongs to the space L!(e~*!) since

0< / Sre Ptdt < §/ M=t < oo,
0 0

According to H4, —Sg < uSg < uSe™*. It follows from (6) that ‘SR‘ < max{mS, uS}e™" and
/ ‘SR’ e P'dt < max{mS, ,u?}/ MRt < 4oo.
0 0

Since 0 < R = h(Sg) — Sg < (m + p)Se™. Therefore we have

0< / Re Pdt < (m +p)S emPtdt < 4o0.
0 0

It follows from (2) that 0 < [! Quds = — [ Sg.ds = Sg, — Sq < Sg,. Thus ]SQ‘ = Q, So < So,
and Q = —Sg < 7Sg. We then have

o0 o0
/ Sge Ptdt < So, / e Ptdt < +o0
0 0

/ Qe rtdt = / 5
0 0

Since limg 400 [ (K, 1,50,,Sr,) <0, for any ¢ € (0, p — bf) there exist a constant By such that

oo
e Pidt < T5Q, / e Pldt < +o00.
0

f(KaLYaQaR) é BO +CK

It follows that )
K < By + (K.

Multiply by e=¢* we get eSS K — (Ke ¢ < Bye~%*. Then we get

t —(s t _

e K “Bpe¢* By + (K

e—Cth/ Mdﬁf(@g/ Boe—Sds + Ko = —20¢ " | Bot Ko
0 Os 0 ¢ ¢

This implies that there exists constant By such that K < BjeSt. Hence fooo Ke ridt < fooo Byel&—Ptqt <
+00.

Furthermore, since —K <kK and K < By + CK < By + (Bye‘t, there exist a constant By such that
‘K‘ < Byett. Thus,

/ ‘K‘ e Ptdt < / Boe Pt < 4o0.
0 0

Since W(A, L4) < bA, we have A/A < b. There exists a constant D; such that A < D;eb*. Moreover,
we have 0 < A < bA < Dye’. Therefore, A, ‘A‘ belong to L!(e=*!) because

o
IN

/ Ae Pt < D1/ =Pt < 400
0 0

f 1
0

o
IN

e Ptdt < D1/ =Pt < 0.
0



As —K < kK, we have

C Agf(K7LYaQ7R)+(H_6)K
D, %e"(B + CK) + (k — 6)Bye®
D1%e" (B 4 (Bye®t) + (k — 6)Bye®t

D,%¢B e+t D9 Beb 4 (k — §)Byet.

VANVARRVAN

Thus, we can choose a positive constant Dy > DB + D,%¢B; + (k — 6)B;. Then
C < Dge(b9+4)t < Dge”t,

which implies

0< / Ce Ptdt < +00.
0

We have proven that K is uniformly bounded on L' (e™**).

Moreover, lim,_. o faoo Ke Ptdt < limg_ oo faoo Biel¢=P)tdt = 0. This property is true for other vari-
ables in K. Therefore K satisfies Dunford-Pettis theorem and it is relatively compact in the weak topology
o(L'(e=rt),L>®). m

Since K is relatively compact in the weak topology o (L (e=*%), L°°), a sequence X; in K has convergent

subsequences (denote by X; for simplicity of notation) which weakly converge to limit points in L!(e=*).

The following Lemma shows that any weakly convergent sequence of control variables in I has a
sequence of convex combinations of its members that converges pointwise to the same limit while the
limit of weak convergence coincide with limit of pointwise convergence for state variables.

Lemma 2 i)Let (K, A, Sr,5q)i in K and suppose that (K, A, Sr,Sq)i — (K*, A%, Sk, 55).

Then (K, A, Sr,Sq): — (K*,A*,S}‘;{,Sa) as 1 — oo and (K,A,SR7SQ)i — (K*,A*7S};,S’a) for the
the topology o(L*(e~rt), L>).

i) In addition, suppose that Z; = (R, Q, K, A, Sg, SQ)l in K and Z; — Z* = (R*,Q", K*, A*, SE, SZ))
in L' (e™P") then there exists a sequence of sets of real numbers {w;) | © = n,..,N(n)} such that
Wi(n) = 0 and Zﬁ(y?) Wi(n) = 1 such that the sequence (vn)nen defined by the convex combination v, =
ZN(") winyZ; converges pointwise to Z* as n — 0o, i.e., for every t € [0,00),lim,, oo vn(t) = Z*(t). It

1=n

is clearly that, since (La, Ly, )imn) € [0,1], (La, Ly, )im) — (L%, Ly) as n — ooc.

Proof. For any X; € K. We first claim that, for ¢ € [0, c0), fg X;dt — fg X*dt. Note that X; — X*
for the topology o(L'(e~**), L) if and only if for every Y € L, [ X;Ye Ptdt — [[° X*Ye rtdt.

Pick any ¢ in [0, 00) and let

L if s € [0,1]
Y(S)_{ C0ifs>t.

Therefore Y(s) € L™ and we get fg Xi(s)ds = [[° Xi(s)Y(s)e™%ds — [ X*(s)Y (s)e ?%ds =
fot X*(s)ds .

Given that K; — K* and K; — y weakly in L'(e~**), by the claim above, for all ¢ € [0, 00) we have
fg K;ds — fot yds . This implies, for a fix t, K; — fg yds+ Ky. Thus fg yds+ko = K*. Therefore K* =y
or K; — K*. The same reasoning applies for (A,SRr,S50): in K.

ii) A direct application of Mazur’s Lemma. ®

We are now able to prove the existence of solution to the to the social planner’s problem.
Theorem 1 Under Assumptions H.1-H.7, there ezists a solution to the social planner’s problem.

Proof. Since u is concave, for any ¢ > 0, u(C) — u(¢) < u/(¢)(C — €). Thus, if C € L'(e=*!) then
JoS u(C)e=rtdt is well defined because

/000 u(C)e Pt < /Ooo[u(c) — ' (€)ele™Ptdt + u'(€) /000 Ce Pldt < +oc.



Let us define W = supgex [, w(C)e Pdt. Assume that W > —oo (otherwise the proof is trivial).
Let C; € K be the maximizing sequence of fooo u(C)ePtdt so lim; o fooo u(Cy)e Ptdt = W.

Since K is relatively weak compact, suppose that C; — C* for some C* in L'(e=*!). By Mazur’s
Lemma, there is a sequence of convex combination

N(n) N (n)
Tp = Z Wi(n) Ci(n) — C%, win) 2 0, Z Wi(n) =1

Because u is concave, we have

lim sup w(z,) = lim sup u( Z Win)Cin))
< lim sup [u(C*) + o/ (C*)( Z Witn)Ci(ny — C*)] = u(C).

Since this holds for almost ¢, integrate w.r.t e *dt to get

/ lim sup wu(z,)e P'dt S/ u(C*)e Ptdt < 4o0.
0 0

n—oo

Using a reverse Fatou’s lemma (see Appendix) we yield

oo (o) o
lim sup / u(zy,)e Ptdt §/ lim sup u(w,)e "'dt g/ u(C*)e Pdt. (7
0 0 0

n—oo n—oo
Moreover, by Jensen’s inequality we get

lim sup/ u(xy,)e Ptdt > lim sup Z wz(n)/ Ciny)e Pt (8)
n—oo J(O n—oo .
But since [;° u(Cigny)e P'dt — W, (7) and (8) imply [~ u(C*)e~rtdt > W.
So it remains to show that C* is feasible.

The task is now to show that there exists some (K™, L%, L3, A", R*,Q*, S%,55) in K such that
(C*, K™, Ly, Ly, A", R*,Q%, Sk, S¢) satisfies (1)-(4).

Consider a feasible sequence (K, L4, Ly, A, R,Q, Sr,SQ)i(n) in K associated with Cj,,. According to
Lemma2 and Jensen’s inequality we have

N(n)
cr = lim Tpn = lim Z wi(n)Ci(n)
i=n
< lim Z win)[A? f(K;, Ly,, Qi, R;) — 0K; — K]
=N
= lim Z Wit hm A% f( lim Ky, im Ly,,Q;, R;) — 6 lim K¢,y — lim Z wim) K.
N(n) N(n) N(n)
< A*ef(K*, v, lim Z Wi(n) @i, lim Z Wiy Ri) — K™ — lim Z wz(n)K
— A*ef(K*, *Y7Q*,R*)—(5K*—K*
Therefore,

C* < A f(K*, L%, Q" R*) — 6K* — K*.



Applying a similar argument and using Jensen’s inequality we get

N (n) N(n)
A = dim > wig Ay = D> wiy(lim A;, lim La,) = W(A*, LY),
. N(n) . N(n)
Sk o= lim Y wiSk, = lim Y wii)(h(Sk,) — R) = h(SR) — R*,
. N(n) .
So = Jim Y wimSe, = - lim Y winQi = -Q"

Therefore, (C*, K*, L}, Ly, A*, R*,Q", S}, S5) satisfies (1)-(4).
The proof is done. =

Our proof is adapted from works of Chichilnisky (1981) and d’Albis et al (2008) to the endogenous
technical change model with less stringent assumptions. The technology is not convex in our model (
d’Albis et al (2002) assumed the technology is convex w.r.t consumption). We prove that the control
variable (as consumption C' ) and derivative of state variables weakly converge in the weak topology
o(L'(e=*t), L>), while the state variables pointwise converge. And for pointwise converge sequence, the
continuity is all that is necessary to prove the feasibility. Therefore, concavity is not needed for the state
variables. Related results on the existence of solution can be found in Chichilnisky (1981) who used the
theory of Sobolev weighted space and imposed a Caratheodory condition on utility function.

Once the existence of solution is proven, the solution is unique if utility function is strictly concave
and technology is convex. This enable us to derive sufficient conditions for opimality. In other words, the
Kuhn-Tucker first-order conditions together with transversality conditions are necessary and sufficient
conditions for an optimal solution.

Define o¢ = —CUC° be the elasticity of marginal utility and F = A% f(K, Ly, Q, R).

We have proven that (P) has a solution. Then the necessary conditions are characterized by the
Kuhn-Tucker conditions. By setting the current-value Hamiltonian,

H(C,K,Q,R, Ly, A) = u(C) + A[h(Sg) — R] — uQ + v(F — C — 6K) + wU(A, L,)

where \, yi, v,w are four costate variables, the first order conditions (£ = 0, g—g =0,%1 =, a‘r’LI{/ =0)
yield
v = UCa
= ’UFQ,
A = 'UFR,
vF
w = Ly
v,
From Euler equations g—g =pv—1v,2 dS =p\— A2 dSQ = pp — f1, and g—ﬁ = pw — w we get
v = (p—Fg+0o)
po= pp
A= (P - hSR))\
w = (p—Vy)w—vFy4.
The transversality conditions are
lim ASge " = lim pSge ' = lim vKe " = lim wde ”" =0.
t—4oo t—4o0 t—4oco t—4oc0

Moreover, it is easy to see that, at the optimum, the Ramsey conditions and Hotelling rules are
satisfied. ) ) ) )
c* F F F / F
*:FK75:7Q77R+}LSR7 Lyfgl’if‘+gA+%.
C FQ F FLy gLA FLy

We will get back to these conditions in the next section.



4 Characterization of balanced optimal growth paths

Before analyzing the full dynamic system, we look at the characterization of a balanced optimal growth
path. The model in Section 2 corresponds to a system with four state variables. As Kolstad and
Krautkraemer (1993) remarked, ‘...it is difficult or impossible to characterize the qualitative features of a
dynamic model evolving three state variables without restrictive assumptions about the functional forms
of important relationships...’, we specify a set of restrictions imposed on preferences and production
technology in order to have analytical results that may be tested with real data. We make the following
assumptions:

H7.

C ol ife£1
C) = i— 1 )
@) { InCife=1. "

Hs. f(LYaK7Q7R) = L;KSQQR,& where ’vaaaaﬂ 2 0,7+f+0¢+5 =1
H9. (A, L) =bA?L 4 where b >0,0< ¢ <1
H10. hA(Sg) = mSgr,m > 0.

This specification satisfies H1-H6. H9 is widely used in the literature (see, e.g., Aghion and Howitt,
1998, Jones, 2006). Assumption H10 allows for constant infinite growth for renewable which is not
realistic for ecological restriction. However, it may be reasonable for a type of of non-fossil energy such
as solar energy, wind energy or nuclear energy in which the stock of alternative energy can be considered
as infinity.

Let g, = x/x denote the growth rate of any variable x. We shall summarize the macroeconomic
equilibrium in terms of five variables: » = F/K,y = C/K,z = Q/Sqg,u = R/Sg,q = Ly A1 r = A?~1
from which other equilibrium rates gr, gi, 9o, gLy 945945 9Q5 9545 9r, and gs,, can be derived as in the
following proposition.

Proposition 1 The optimal growth rates take the following values

ga = b(T—Q),
Kk = 'Tfyf(sv
§x—0—p
gc = —,
€
g9sq = —%
gSR = m-—u,
bor  mpB+ (1 —&)6
o gy M mA(-08
3 3
bo +&)+(1-&)0
oyt MO+ (-08
3 3
bor bl mB+ (1 —¢&)d
= y+—+—q+ ——,
I YT Ty €
bo 1)
gr = Ew—y+i+mﬁ+ (a+ﬁ+7>—5,
§ §
_ q
gra q—TgLY.

Proof. See Appendix m

A steady state satisfies that all rates of growth are constant. Let x* and g} denote respectively the
value and the growth rate of any variable x at the steady state.



Proposition 2 At the steady state, the growth rates take the following values

bor* —&)6
9o = 9sq =Y+ g+mﬂ+(§1 LN
3 3
* * * g‘%‘*_(s_p
9r = nggc:f,
9y = 91, =0,
gax = b0r'—q"),
where if ¢ =1 then
o = b0 +mpB + §(1 — &)
£1-¢) ’
- (e =8B +mpP+6(1—¢)) + (1 —€)d + p]
ef(1-¢) ’
. [*_mﬁ+(1—§)5+b9}l
g =Y ¢ ob’
r*o= 1,

and if ¢ < 1 then z*,y*,q¢*,r* are given by

@ )
bog* §(1—2
(€= 1o -y b4 HEEMIESCZR, )
1—&)8 +bg*  bo
3 Y
r* = q".

Proof. See Appendix m

*

Remark 2 We have z* = —ggQ, u* =m —gg,. It follows from transversality conditions at the steady

state and the Euler equation that lim,_ o pS5e " = 0 where p = p(0)e="* and Sh(t) = S§ (0)e92t. We
then obtain lim; . M(O)Sé(o)@gat = 0. This implies g < 0. Similarly, since lim; ., o ASpe™?" =0
where A = A\(0)el?~™* we get lim;_, o A(0)S5(0)el92=™ =0 or g —m < 0.

5 Econometric estimation

5.1 Estimated equations

We first study the dynamic behavior of the nonlinear system which is characterized by the behavior of the
linearized system around the steady state.We shall summarize the macroeconomic equilibrium in terms
of four stationary variables, * = F/K,y = C/K,z = Q/Sg,u = R/Sr,q = A% 'Ly, r = A?~!, from
which other equilibrium rates can be derived as in Proposition 1. Let us denote h = (x,y, z,u, ¢, 7). From
the theory of linear approximation we know that in the neighborhood of the steady state, the dynamic
behavior of the nonlinear system is characterized by the behavior of the linearized system around the
steady state h = J(h — h*) where h* = (z*,y*, z*, u*, ¢*,r*) and J is the Jacobian matrix evaluated at
the steady state, i.e.

ot/0x 0t/dy O0i/0z Ot/Ou Ox/dq Ox/Or
oy/ox Oy/dy 0y/0z 0Oy/ou dy/0q Iy/Or
02/0x 0%z/0y 0%/0z 0%/0u 0%/0q 0%/0r
ou/ox 0u/dy Ou/dz 0u/Ou 0Ou/dq Ou/Or
9q/0x  0q/0y 90q/0z O¢/Ou O¢/dq OG¢/Or
or/dx  Or/dy Or/0z Or/Ou Or/dq Or/Or



Proposition 3 If ¢ = 1 then the Jacobian matriz has only one negative eigenvalue. If ¢ < 1 then the
Jacobian matriz has at most two negative eigenvalues.

Proof. see Appendix.

Remark 3 Let v;, i = 1,...,6, denote the eigenvectors corresponding to six eigenvalues \;. We may
write the general solution of h = J(h —h*), where h* = (a*,y*, z*,u*, ¢*, "), as follows:

6
h(t) —h* = ZaivieAit
i=1

where parameters a; are determined by the initial conditions h(0) — h* = Z?:l a;v;. The optimal path
in the neighborhood of the steady state is located in the stable subspace which corresponds to the negative
eigenvalues. Thus, if ¢ = 1, we can write h(t) — h* = ¢;vie*?t where A\; < 0.

We are now in a position to discuss about the empirical implication of the theoretical model. We
focus our analysis on the growth rates gr,/x, gg, and gr at the transition path. We only consider the
case ¢ = 1, where all of these growth rates only depend on 2 = F/K and y = C/K.? From the previous
analysis for ¢ = 1, as the components of h are independent of each other, we can write the approximation
expressions for z and y as follows

T — ¥ = cquiget, (11)
-y = vy, (12)
where vi, and vy, two components of vi. By using the initial conditions, we get
vy = xTo—T"
C1V1y = Yo — y*
Therefore, we obtain the following solution
= (1—eMh)a* +eMia, (13)

ye = (1— e/\lt)y* + eMty,. (14)

Recall that we have

9z = (5_1)-'174'

g b
90 = y+b§+mﬁ+(§1_€)5,
P B TCES EXCE 1)

We substitute (13) and (14) in these expressions and use definitions zg = Fy/Ko, yo = Co/Ko,
and g, = gp/x = 7 W(Fr/Fy) — 3 (K1 /Ko), go = 7n(Qr/Qo) and gr = 7 In(Rr/Ry), which are
respectively the average growth rates of F//K, @, and R, between 0 and 7. This results in the transitional
dynamics of gy, x = F/K,Q, R towards the steady-state of the economy.?

First, gr/ i is given by*

b +mB + 5(1 — §)

Jr/K = (§—Dar + ¢
_ be‘i‘mﬁ;‘(s(l_g) —I—(f—1)(1—€>\1T).1‘*+(§—1)6>\1T.’1?0
= +a1F0/K0 -I-E-IF/K7 (15)

21t should be noticed that when ¢ < 1, the model is not identified and then estimation becomes impossible unless some
restrictions are imposed.

3The reason of using gr K instead of g is that the approximation of the latter contains in the right-hand side both F/K
and C/K which are highly correlated. Hence, regression of gp on F/K and C/K will face a problem of multicolinearity.

4Index 4 is dropped for the simplicity’s sake.
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with
b0 +mpB+6(1 —¢&)

apg = € + (€= 1)1 —eMT)a*,
ap = (E-1)eMT.
Concerning g¢g, we have
b6 1-£)6
o = —(1- eAlT)y* —MTy 4 z i m5+(§ 9
= fo+1Co/Ko+eq, (16)
where
bo 1-¢&)0
ﬁO — _(1_6)\1T> *+ +mﬁ+( 6) ,
3 3
B = —eMT.

Similarly, gr is given by

MmO+ (-0

dr

3 £
S A EXEE
= 1 +mCo/Ko + €r, (17)
where
o = WO mBrOTA-9F | .
3 3
"= —eMT,

Equations (15), (16), and (17) represent three cross-sectional regressions where ep/g and e and er
are the corresponding error terms.® These equations may be estimated by using Ordinary Least Squares
as in Mankiw et al. (1992). However, as underlined by Islam (1995) and subsequent studies on income
convergence, we will lose information contained by the data as we only need observations of the initial
and final dates, i.e. dates 0 and T', and the sample size is then reduced to to the number of countries.

An alternative approach is to transform the model in a panel structure. In particular, we can rewrite
equations (15), (16), and (17) as follows:

9F/Kyy = ot+arFii 1/Kit 1+ er/ry, (18)
90, = Po+biCir—1/Kir—1+¢€q,, (19)
9r:,, = Y +mCit—1/Kit—1+er,, (20)

where i = 1,..., N, and t = 1,...,T. As in most studies on income convergence (see Durlauf et al., 2005,
for a survey), we use data corresponding to the five year interval period, i.e. data from 1977, 1982, 1987,
1992, and 1997. Hence the length between ¢ and ¢ —1 is equal to 5 and g,,, = % In(x¢/x¢—1). The purpose
is to reduce the business cycle effect.

The sample size is 108 observations (N = 27, T' = 4). In our panel data framework, the error terms
€xir X = F/K,Q, R, include country and time effects, i.e. €,,, = p; + A\t + u,,, where p; and A; denote
country heterogeneity and time heterogeneity respectively, and u,,, is the idiosyncratic error. Moreover,
the model predicts that coefficients «y, 31, and 1 are negative.

Estimations of these equations can be obtained with standard panel methods (within estimation
for fixed effects, Generalized Least Squares for random effects) which assume the strict ezogeneity of
regressors, i.e.

E[(Fs/Ks)er/ky] = E[(Cs/Ks)eq,] = E[(Cs/Ks)er,] = 0, Vs, t.

5These error terms may correspond to omitted variables or unobserved factors that can affect the growth rates gp /K
go and gr. They can also represent measurement errors in these growth rates.
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However, this assumption may be faulty as regressors can be correlated with some unobserved factors or
with future values of the dependent variable. This is probably the case when we study macroeconomic
data. For example, we may think that current consumption and capital stock may have some impacts
not only on current income and energy consumption but also on their future values. This situation arises
when regressors are predetermined, i.e.

E[(FS/KS>€(F/K)t] = E[(Cs/Ks)eq,] = E[(Cs/Ks)er,] =0, Vs <t — 1.

In this case, the model can be estimated by using Generalized Methods of Moments (see, e.g., Arellano
and Bond, 1991, Baltagi, 2005, and Lee, 2002). This is also the approach adopted in our estimation
strategy.

5.2 Data

The data covers twenty-seven OECD countries for the period 1977-1997. Data on non-renewable energy
consumption ) and renewable energy consumption R are collected from the International Energy Agency
(IEA). Non-renewable energy consumption, @), is measured as the sum of consumption of gas, and liquid
fuels (in metric tons oil equivalent, toe). We assume that renewable energy consumption, R, corresponds
to the sum of nuclear energy, hydroelectricity, geothermal energy, renewable fuels and waste, solar energy,
wind energy, and energy from tide, wave, and ocean (also in toe).

Data on production F; consumption C', physical capital stock K, and population are collected from
the Penn World Table 6.1 (Heston et al., 2002). We note that all figures, except population, are expressed
in PPP and 1996 prices for an international comparison purpose. We use the population series and the
series on real GDP per capita in 1996 prices (series RGDPL) to produce the volume of real GDP in
1996 prices. We compute the product between real GDP and investment share of real GDP on the one
hand, and the product between real GDP and consumption share of real GDP on the other hand, which
correspond respectively to investment and consumption in real terms. Calculation of physical capital
stock is based on the investment series (i.e. investment share of real GDP) following the perpetual
inventory method.” Data are used in per capita terms to neutralize the possible scale effect due to the
difference in population size observed between countries.

Table 1 here

Descriptive statistics of the data are summarized in Table 1. Evolutions of the averages of ratios
F/K and C/K are displayed in Figure ??. These ratios have similar patterns, with two dips around
1982 and 1993, except that F//K has stronger variation than C/K (standard deviation of F/K, 0.121,
is higher than that of C/K, 0.098). Series on consumptions of nonrenewable and renewable resources
are presented in Figure ?7?7. The average of consumption of renewable energies R, is much lower than
that of nonrenewable energies @), which increased over the whole period of the study whereas the latter
considerably decreased in the late 70s until the dip in 1983 and then increased thereafter.

Figures ?7?7-77 here

For the estimations, we take data corresponding to the five year interval period (data from years
1977, 1982, 1987, 1992, and 1997) in order to eliminate business cycle effects as in most of empirical
studies on economic convergence. Distributions of average annual growth rates (computed from these
time intervals) of the output to capital ratio F//K, gp,k, renewable energy consumption per capita, gr,
and nonrenewable energy consumption per capita, gg, are reported in Figures 77, 77, and 7?7, respectively.
The distribution of these growth rates sensitivity changes over time. We also observe a particularity that
the dispersion of gg and gr diminishes throughout the period of study.

6The data include Australia, Austria, Belgium, Canada, Denmark, Finland, France, Germany, Greece, Hungary, Iceland,
Ireland, Italy, Japan, Korea, Luxembourg, Mexico, the Netherlands, New Zealand, Norway, Portugal, Spain, Sweden,
Switzerland, Turkey, United Kingdom, and the United States.

"The perpetual inventory equation is K¢ = I+ + (1 — §)K¢—1 where I; is the investment flow. The initial capital stock
is given by Ko = Io/(gr + ) where gy is the average geometric growth rate of investment from the initial date. The
depreciation rate, 4, is often set to 4 to 6%. In our paper, changing § from 4% to 6% does not modify the qualitative
conclusion.
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5.3 Estimation results

Estimation results by GMM are reported in Table 2. As GMM use the first-difference transformation,
the intercept and country effects (which are not separately identified) are deleted from the regressions
and therefore not estimated. Furthermore, the assumption of predetermined regressors,

E[(FS/KS)g(F/K)t] = E[(Cs/Ks)eq,] = E[(Cs/Ks)er,] =0, Vs <t — 1,

allows us to use all values of Fs/K; and Cs/Kg, s = 1,...,t — 2, as possible instruments for F;/K; and
C}/ K, respectively. As a consequence, there are finally 81 observations used in the estimations.

Table 2 here

Empirical results based on OECD data confirm the prediction of the theoretical model. Indeed,
estimation results show that coefficients «q, 31, and v, are negative as expected. Coefficients a; and
~1 are statistically significant at the 5% and the 10% levels respectively, while [3; is insignificant. The
Wald test confirms the existence of time effects in all regressions. The Sargan specification test for
over-identifying restrictions (relative to the use of instrumental variables) is always satisfied in either
regressions as these over-identifying restrictions are not rejected.

It should be noted that the GMM estimator is consistent with an AR(1) process for the regression
residuals but not consistent with an AR(2). We use the Arellano-Bond (1991) tests to examine this
issue. Test results reject the absence of autocorrelation of order 1 but do not reject that of order 2 for
regressions with gp, i and gg, suggesting that estimations are consistent in these cases. Concerning gq,
the specification does not seem robust as Arellano-Bond test does not confirm (but only at the 10% level)
the absence of an AR(2) process in the residuals.

6 Conclusion

The paper is an attempt to explore theoretically and empirically the interaction between growth, techno-
logical level, and consumptions of renewable and non-renewable resources. The necessary and sufficient
conditions are provided in a general endogenous growth model. We also characterize the BGP together
with the transitional dynamics for an analytical model which are shown helpful for empirical analysis by
using panel data on OECD countries. Our estimation strategy is appealing since it accounts for country
and time heterogeneities and it allows for a more flexible assumption about regressors than the usual
assumption of strictly exogenous regressors in the standard framework.

As underlined previously, it would be of particular interest, in a further work, to study the identifi-
cation issue of the empirical specification that can be derived from the theoretical model when ¢ < 1 or
from a more general model. Moreover, it would be promising to consider externalities from resource use
in utility or production in order to improve the realism of the modeling. Competitive equilibrium and
public policy would also require a particular attention.
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Appendix

The following theorem and lemmas are used in the proof of existence of an optimal solution.

Let F' be a family of scalar measurable functions on a finite measure space (2,%, 1), F is called
uniformly integrable if { [, |f(t)|du, f € F'} converges uniformly to zero when pu(E) — 0.

Dunford-Pettis Theorem: Denote L'(u1) the set of functions f such that fooo |f|ldp < 00 and K
be a subset of L'(u). Then K is relatively weak compact if and only if K is uniformly integrable.

The following is the reverse Fatou’'Lemma when applying Fatou’s lemma to the non-negative sequence
given by g — f,.

Fatou’s Lemma: Let f, be a sequence of extended real-valued measurable functions defined on a
measure space (Q, %, p). If there exists an integrable function g on Q such that f, < g for all n, then
limsup,, ., [o fndp < [o limsup,, o fndp.

Mazur’s lemma shows that any weakly convergent sequence in a normed linear space has a sequence of
convex combinations of its members that converges strongly to the same limit. Because strong convergence

is stronger than pointwise convergence, it is used in our proof for state variables converge pointwise to
the limit obtained from weak convergence.

Mazur’s Lemma: Let (X, || ||) be a normed linear space and let (u,)nen be a sequence in X that
converges weakly to some u* in X. Then there exists a function N : N — N and a sequence of sets of real
numbers {w;) | i = n,..,N(n)} such that w;,) > 0 and Zﬁ(:) Wi(n) = 1 such that the sequence (Vn)nen

i=n

defined by the convex combination v, =
as n — 00.

Wim)ui converges strongly in X to u*i.e.,||v, —u*[| — 0

Under assumptions H11-H13, the program of the social planner can be written as follows

max/ u(C)e Ptdt

0

subject to
F = ALYKSQRP,
S = -Q
SR = mSR—R,
K = F-C-0K,
A = bA?La,
1 = La+ Ly,

LYD, Ko, SQO 5 SRO given.
Proof of Proposition 1
Proof. The current-value Hamiltonian is

H(C,K,Q,R,Ly,A) = u(C)+AXmSr—R)—puQ
+v(F — C — §K) + wbA?(1 — Ly)

where A, u, v,w are four costate variables.

The first order conditions % =0, % =0, % =0, % = ( yield
v = Uc', (21)
S UFQ, (22)
A = uFjg, (23)
o UFLY
= A (24)
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OH ., OH oOH o]

From Euler equations gz = pv — v, 55 = PA — A, 955 = PH— 1, and B—Z = pw — w we get

K = p—FK—é

v

Ao

- =P

7

2= pem

A = P

w = (p—bpA?" (1 — Ly))w — vF4.

By (21) and A/A = bA?~ (1 — Ly) we get
w = (p - ngA)w - UcFA.

The transversality conditions are

lim ASge "' = , lig_n pSge ' = lim vKe ” = lim wAe " =0.
[ — 100

t—-+4o0 t—-+o0 t—-+o0

From the identities Sgp = mSg — R, S"Q = —(@Q and K = F — C — 6K, we obtain

9sq = —5%

gsg = M—U,
gg = xT—Yy—9,
ga = b(r—q).

Since F = AL}, K*Q“R?, we have

Fx =¢F/K = ¢,

F,
ng = 0g9a+79Ly +&9x + (o —1)gq + Bar,
Fr
Ty 094 + 9Ly + €9k + agg + (B —1)gr,
Fry ;
F. g4+ (v — gLy + &9k + agq + Byr
Y

Uo
——=Fg—-0=&x -4

Uo K §x
It is easy to check that )

Ve __C__,

Uc C gc-
Thus,

x—0—
go=E=02P,
€

By logarithmic differentiation (22) and together with (26) we have

Fy Uc
e — —_—_— = — (5.
Fo P U0
From (23) and (27) we get
Fr Uc
_— = _—_— = = — 6 — .
Fr p Ue m = &x m
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From (24) and (28) we get

Uc | Fi, _ UcFa
Ue + Fr. Pga = p—¢ga =
UcFa OF/A
— N sy L — —_ _ A% —
p—dga UcFy, p—dga SF/Ly
0 _ bo
p—¢ga——LyA*"t = p—dga——q.
Y ¥
Thus, ]
Fr, Uc bo bo
= _—_— — — =t — (5 [——
L, Uc q=¢ q

Now, it follows from (29)-(31) that we have a system of equations with three variables gg, gr, and
9Ly :

Y9y + (@ =1)go + Pgr = &y —bO(r—q)+({—1)0 =T1, (34)
YLy +ago+ (B—1)gr = Ey—m—b0(r—q)+ (£ —1)9, (35)
(v =19y +agqo+09r = &y-— %Hq —bO(r —q) + (£ = 1)d. (36)

From (34)-(35) we have —gg + gr = m.
From (34)-(36) we get vgr, = b8q + vgo. Replacing this equation into (34), we have

(v +a—1)gq + Bgr = T1 — bbq
We then have two equations to find g and gg:

mp+blqg—Ty  bOr — &y +mpB+ (1 —£)d

gQ = § - g 9
o = gQ+mb0r£y+m(5§+€)+(1§)6,
and b b 1—6)5 b
gLy:7q+gQ= T—§y+ﬂzﬂ+( ) N

By log-differentiating F' = A’L] K¢Q® R’ we get

gr = 094 +79L, + &9k + agq + Bgr =
Y9ry + (= 1)gg + Bgr + 094 + gk + 90
= Ti+0ga+E&gx + 90

= Y+ (E-1i+lx—y-0)+

bOr — &y +mpB + (1 — )5

3
b +o(1-2
— gp_yg O mBF1—2)
§ £
bo 5
L ppoyy W mBHi@4BEy)
3 3
Finally, since Ly = £,
7 N R T
A =Ly~ 1Ly Ly 17" g

]
Proof of Proposition 2

Proof. At the steady state, g% = b(r* — ¢*) is constant. Therefore, since g¢, and g} are constant, it
follows that x* and y* are constant. It also follows from constant g¢) that r* is constant. Thus, ¢*, 27,
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and u* are also constant. Since = F//K and y = C/K, we have g, = g} = gj. Moreover, L} = ¢*/r*
is constant, which implies that L% is constant. So, we get

9Ly =91, =0
Since r* = A*¢~! is constant, we have (¢ — 1)g% = 0 or
(@ —1b(r" —q") = 0.

This equation together with g¢, = g%, 9 = gk, and g7 . = 0, yield

@ )
_y*+mﬁ+(1—§)5+b9r _’_@q* _ 0
3 gl
(1" —q") = 0.
We consider two cases:
a)If¢p=1,r" = A*~1 = 1, we have
@ Ty -6
1-86€6+0b0 bo
L mAt=go
3 g
Thus,
A b0 +mpB+ (1 —¢)
§(1=¢) 7
yoo— (e =8O8 +mpB+(1—¢))+&(1—€)d+p]
ef(1-¢) ’
. [*_mﬁ—l-(l—f)é—i—b@}l
< =y : o

b) If ¢ # 1, A* = (r*)1/¢~1 and then r* = ¢*. Hence, we have three equations which determine the
optimal growth rates at the steady state

@ =0=p _ s
g
. 1-2
o ¢ MOS0
1—€)5+bog*  bo
e B 55) + bg 2 =

Finally, since SQ /Sq =—Q/Sg and ggQ is constant, we have g7, = gj‘gQ. Similarly, we have gp = g5,
]

Proof of Proposition 3

Proof. Case 1. If ¢ = 1. In this case r = 1, we just need to analyze the dynamic system of z,y, z, u, q.
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By logarithmic differentiation and using Proposition 1 we get

b mpB+(1—¢)

T = (gF*gK)$:[(§71)$+?+ : Iz,
U (gc—gx)y=[(§_€)x+§3—1)5—p+y]y7

© = (9Q+Z)Z=(—y+b;+W+z)z,

v = (9R+“m)U(y+b§+W+u)u,
| = g LY mB (1 -8)6

T= da= e y1T ¢ )q-

The dynamics of h = (z,y, 2z, u, q,r) is described by the system above. From the theory of linear approx-
imation we know that in the neighborhood of the steady state, the dynamic behavior of the nonlinear
system is characterized by the behavior of the linearized system around the steady state h=2J (h — h*)
where h* = (x*, y*, 2*, u*,¢*,7*) and J is the Jacobian matrix evaluated at the steady state, i.e.

0t/0x 0x/0y O&/0z 0x/0u 0x/dq
0y/ox 0y/dy 0y/0z 0y/ou 0Y/dq
J=| 0z/0x 0z/0y 0%2/0z 0%/0u 0%/0q
ou/ox 0u/dy Oufdz Ou/Ou 00)dq
0¢/0x  0¢/0y 0¢/0z 0O¢/ou 0q¢/Dq

Note that z*, y*, z*, u*, ¢* are stationary variables, i.e. if £ = f(h)x then f(h*) =0 and

0% af(h*)
&T( ) ar
Thus, we get the Jacobian matrix
E-Lz* 0 0 0 0
)y oy 0 0 0
J= 0 —zF 2z 0 0

0 —u* 0 u* 0
0 —¢* 0 0 %q*

The characteristic roots A\g, k = 1,..,5, are the solutions of the characteristic equation |[J — AU| =0
where U is the 5 x 5 unit matrix. We can write at h* that

bo . . * *
[7q = As][u” = Az = As]ly” = AoJ[((€ — 1)a™ = M] =0
It is easy to see that there is only A\; = (£ — 1)2* < 0 while the others are positive.

Case 2. If ¢ # 1, we must analyze the dynamic system of z,y,2,u,q and » = A?~1. Since 7/r =
(¢ — 1)ga, we know that g% = 0 which implies that r is a stationary variable. Moreover, r* = ¢*. We
have

br  mB+5(1—¢)

&= (gF—gK)wZ[(é“—l)H?JrTJr ¢ Jz,

y o= (QCng)y:[(Sfe)ﬁisfl)éf“ry]y,

z = (QQ—G-Z)Z:(—y—Fl%?a—FW—&-Z),

0= (gR+u—m)u:(—y+b§T+mﬂ+(§l_€)6+u)u,

i = (9= Dga+n)a= (06— Dur—q) —y+ T+ 2g s MEEEZI,

7= [(¢—1galr = [b(¢ — 1)(r —q)]r.
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It is easy to get

(E-Da* 0 0 0 0 B
(5;6)y* v 0 0 0 0
0 -z 2z 0 0 b6
J = ¢
0 —u* 0 u* 0 ”5—911*
0 —q© 0 0 [1-¢)b+%2g" [(¢—1)b+ g
0 0 0 0 b(l — )r* b(¢p — 1)r*
The characteristic roots A\g, k = 1, ..,6 are the solutions of the characteristic equation
[J—AU| =0 (37)
where U is the 6 x 6 unit matrix. Equation (37) is equivalent to
(Z*=XN)(u"—N)detM =0
where
(¢ —51_):10* - 0 0 B
M- | S v 0 0
0 —¢ (1= @b+ 2l =X [(6— b+ L)g"
0 0 b(l — )r* b(p—1)r* — A

We then get two positive solutions, A = z* and A = v* immediately. We have

(1= @b+ 2)g* A ((6— )b+ L)q"

B (e L] I A A R
b, oy —A o
e N RN (RIS T
0 0 b(1 — d)r*
= (€= D =N =Nt N+ ZEZ Dy garyrger

where " "
(1= 6+ D)~ X (06— b+ D)
b(1l — )r* b(p — D)r* — A
Hence, det M (\) is a polynomial of degree 4,
det M(N) = H(A) = M + 1A% + cod? + e3A? + eq) + ¢
Let A1, A2, A3, Ay be solutions of H(\) = 0. Then by Viete’s theorem, we get
HO) = Mladsh =

det N(\) =

b9

IR W (€
= €0y

D6 - o] - Far E= Dy -
~ €
-1+ (E—1re—v(E—¢)
e
(€= e +&y(e—1)
e
£(a+ﬂ)s+7)] S
~e

+

= [b(¢—D)r g boz"y"

= [b(¢ = Drig o y"]| ]

= [ble = Dr g obzy"][

]

= [b(1 = @)0r g ba"y"|| 0.

It follows from (9) and (10) that
. s bOg*
€-1Da"+y" = —.
Therefore, A\ + Ao+ A3+ Ay = (= Daz* +y* +[(1 — )b+ %}q* +b(¢p—1)r* = % > 0 and equation
H(X) = 0 has either two negative solutions or zero negative solution.

If € < ¢, it follows that H((§ — 1)z*) = %@b(l — ¢)xryrgtrt < 0.

g
Tt results that H((§—1)z*)H(0) < 0 and there is a negative A € ((£—1)x*,0). Since limy_, o, H(\) >
0, there is another negative A € (—o0, (£ —1)z*). m
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Table 1: Descriptive statistics, 1977-1997

Variable Mean Std. Dev. Min Max
Consumption per capita 10.558 3.473 2.757 21.505
Capital stock per capita 46.629 19.066 5.247 89.764
GDP per capita 16.592 5.591 4.325 37.917
Consumption-capital ratio C/K 0.254 0.098 0.129 0.730
Output-capital ratio F/K 0.391 0.121 0.190 0.911
Nonrenewable energy consumption @@  3.145 1.706 0.496 10.637
Renewable energy consumption R 0.864 1.097 0.004 5.467
Number of countries 27

Number of years 21

Notes: Data on energy consumption are collected from the TEA for the period 1977-1997. Consumptions of
renewable and nonrenewable energies are expressed in metric tons oil equivalent (toe). Economic data are drawn
from the Penn World Table 6.1 (see Heston et al., 2002). GDP, consumption, and capital stock are measured in

thousands U.S. dollars and 1996 prices. All figures are in per capita terms.
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Table 2: Estimation results

Equation Variable Coefficient Sargan AR(1) AR(2) Wald
9y, (F/K)-r 01747 0.229  -3.08" -1.15  17.4*

(0.060)

90 (C/K)i—1 -0.015 0.883  -2.86 1.41* 17.8"
(0.067)

IR, (C/K)_1 -0.275 5.7 237 0553 6.52°
(0.166)

Notes: Regressions include country effects and year effects. Over-identifying restrictions are tested by the Sargan
test. AR(1) and AR(2) tests are the Arellano and Bond (1991) tests for serial correlation of order 1 and 2
respectively. The Wald test is for significance of year dummies. Estimation results are obtained by GMM with
robust standard error & la White given in parentheses. * and ** represent significance levels of 10% and 5%
respectively.
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Figure 1: Averages of ratios F//K (solid line) and C'/K (dashed line), period 1977-1997.
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Figure 2: Average consumptions per capita of nonrenewable energies @ (solid line) and renewable energies R
(dashed line), period 1977-1997.

25



1 o —_— T

N : —_—T \ 1

o I ! .

S | - | |
X o :
[T [ [
5 © :
[] |
*@ PR T T

o 1
S o | T . !
s o \ | '
o ! | , !
) . \ !
© 1
g 3
] o
g o

©

S

2~

T

8 B o

D | | | |

1982 1987 1992 1997

year

Figure 3: Average growth rate of F/K, period 1977-1997. The box plots relative to 1982, 1987, 1992, and 1997
represent the distribution of the average annual growth rate observed for periods 1977-1982, 1982-1987, 1987-1992,
and 1992-1997, respectively.
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Figure 4: Average growth rate of renewable resource consumption per capita ggr, period 1977-1997. The box
plots relative to 1982, 1987, 1992, and 1997 represent the distribution of the average annual growth rate observed
for periods 1977-1982, 1982-1987, 1987-1992, and 1992-1997, respectively.
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Figure 5: Average growth rate of nonrenewable resource consumption per capita gg, period 1977-1997. The box
plots relative to 1982, 1987, 1992, and 1997 represent the distribution of the average annual growth rate observed
for periods 1977-1982, 1982-1987, 1987-1992, and 1992-1997, respectively.
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