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Thi s appendi x shows that the optinmal decisions rules for capital investnent
and natural resources exploitation have the properties clainmed in the text.
Section Al covers optimal capital investnent, Section A2 examnes oil

production and exploration, and Section A3 considers forestry.



Al. The Optimal Capital Investment Policy

Exi stence and uni queness of the optinmal policy can be shown along the I|ines
of Stokey-Lucas (1989, ch.9), conditional on x=0. The value function
collapses to zero for xt=1, which inplies that the optinml decision
conditional on x=1 is indeternmnate, but irrelevant. Wthout 1oss of
generality, one may set 1¢{=0 for x=1. The partial derivatives of the
optimal policy function K and the optinal investnent per worker are

obtained by taking the total differential of equation (7).

Notation
The following additional notation and prelimnary transformations are
convenient. Let it = (I/N¢t, kt = (KN, and yr = (YYN)t be the investnent,
capital, and output per worker. Constant returns to scale and our
i nvest nent cost function inply that
V(K Nes Hey Xty peo xe) = Nee vk, He, Xt po Xt )

so V(-) is proportional to population tinmes a “per-capita” value function
that depends on capital and population only through the ratio K/ N=k

The assunption that xt and pt are Markov processes can be formalized
by witing xt+1 = fX(xt,€t+1) and pt+1 = fP(pt,ePr+1), where %41 and ePiig

are white noise processes. The integral C)VK dG in eq. (7) can then be

witten as

O VkdG = (1-pt) - O Vk(Kt+1, He+1, FX(Xt, €¢41), FP(pt, €Pr41), 0) - dG( ¢ 41, €Pt +1)
where the r.h.s. integral is over the marginal distributions of the
i nnovations to x and p. W have used the fact that V=0 if x{+1=1, which

occurs with probability pt.

The Total Differential of the First Order Condition

The total differential of eq. (7) is then

[ 2-¢ (i¢/ k)l ke+ig/ke2-c” (i¢/ke)] - (di¢-(it/ke) - dky)



1 s
= -[74 - OvkdSF dpt + [1+r O VkkdGT - dkpep + [1+r O vkH& - dH 4

1- \ - N
+ [ 1+prt . O Vkx* fxxd(}:'] . dXt + [ 1+prt . O Vkp f ppd@] . dpt’ (Al 1)

where subscripts denote partial derivatives. The differential and the
expressions therein can be witten as foll ows. Define

Wee © [2-¢ (i¢/ke)/ke+ie/ke2-c"(i¢/ke)] > 0,

We © QVKAG® = c(it/ky)+i¢/ki-c' (it/ky) > 0,
and note that both expressions are positive. To replace dki{4+; and dH +1 by
t-dated variables, we can exploit the dynanmics of physical capital and
human capital, which are

dki+1 = 1/(1+n)-di¢ + (1-d)/(1+n) - dkq

and dH+1 = [ b HP-Lon(xt) + 1-dn] -dH + [HP-h (x)] - dxy.

Equation (Al.1) can therefore be rewitten as

W, 1- p N
[ - Tar kadee/(l+n)]
= [ch(lt/kt) Lo O vkkdG (1-d)/ (1+n) ] -
+ 1+r L O vkHIG: (b HP 1 h(x) + 1-dn) dH
1 N \
+ TPL O vie PG + O Vi Kb h (x)] -
W, 1- pt by
* ['ﬁ * e O Vkpr fPpdcT] -
Def i ne W = Vﬁ—fc . 11+'?t- (‘)vkkdee/(1+n),

and note that W;>0 is the second order condition for value maxim zation.
Provided vkkEO (to be verified below, the second order condition is
satisfied, and W;>0. The derivatives of the optimal policy function i”(-)

can then be read off the above differenti al as
i "t Wee it 1-d1

T T E * W 1ar O VS (14n) (AL 2)
11;;: = vt 1+r L O vkHIGE (b H P L h(x) + 1-dn) (AL. 2b)
1};)(? = Wii'llJriprt'[(\)vkx'fxxd@Jr O VKHIGE Kb b (x¢) ] (AL. 2¢)
.ﬂ;p? - WL.QNT? " wi, 11_+|?t' O Vkp: f PpdG®. (AL. 2d)



The signs of these derivatives depend on the second derivatives of the

val ue function v(-). The envel ope theoreminplies that

_ _ TPRt+1
Vk() - Vk() - T[Kt+1
- it+1 It+1 it+1 it+1
= (1-a)- a. k a +(1-d)-c +1-d
( ) H[+1 t+1 ( ) (kt+1) kt+l [kt+1 ] (kt 1)

can be witten as a function of it+1, ki+1, and H+1. The second parti al

derivatives of v(:) can therefore be conputed as

= - - . a. -a-1 _it+1 ﬂl t+1
Yk a(1-a)-H® ki * [ Kt +1 ' ﬂkt+1] (Al. 3a)
wher e Wk = 2. (It+1 + 1- d) ¢’ (k'[+l)
't+1 |t+1 't+1
+ 1- ? k >
kt+1 (kt+1 d)-c ( )]/ t+1 >0;
ﬂl
VkH = a(l1-a) - H+1? L kg @ ﬂH:ll W (Al. 3b)
_ i t+1 ]
Vkx = ﬂxt+1 - Wg; and (Al. 3c)
7i * - t+1
- - W AlL. 3d
kP = g 4a K ( )

Inserted into (Al.2a-d), these equations inply that the derivatives of the
policy function at time t depend on the derivatives of the policy function
at time t+1.

To evaluate the derivatives, we use a limt argunment. Consider the
finite horizon analog of the above infinite horizon problem i.e., assune
the econonmy ends at sone known terminal date T periods ahead. W will
determine the derivatives of the optinmal policy in the finite horizon
probl em through a backward recursion, starting at the term nal date, and
then exploit the fact that the finite horizon policy converges to the

infinite horizon policy as T->¥.

The Infinite Horizon Problem as Limit of a Finite Horizon Problem
Since the finite horizon problem has tine-dependent policy and value
functions, let superscripts denote the nunber of renaining periods (e.g.,

VN denote the value function with n periods to go.) In the final period,



there is no investment. Hence, iT=0 and its derivatives are identically

zero. In period t=T-1, we therefore have

vkl = -a(1-a) - H+12 ki1 <0 (Al. 4a)
VkHt = a(1-a) - H+12 L ki417@ >0 (Al. 4b)
Vkxt = 0; vgpl = 0, (Al. 4c, d)
and wil = Vx—fc - (1-pt) - Q vkk!dG¥ (1+n) > 0. (Al. 4e)

Since vikl<0 and Wgc>0, we have O0<Wco/ Wil<l. This is useful to evaluate the

derivatives of the policy function,

. % W . _ 1_ < i
Mo Wee 1t 1dLP o t4ey(1en) < L (AL. 5a)

ﬂkt B WI 1 kt WI 1 1+r kt
7" 1 1-p; s

ﬂHtt = W, i 1+prt. 0 VkHld@- ( b- th-l. h(xy) + 1- dh) >0 (Al. 5b)
7" 1 1-pt s ,

A e O VkHHG KO- (x) > 0 (AL. 5¢)
it 1 W

e - 14wt S @ (Al. 5d)

For the induction argunment, suppose that for some period t+1 = T - n, the
derivatives of the policy function and of the value function (using v"
instead of vl) satisfy the inequality restrictions in (Al 4a-e) and (Al.5a-
d). Then for period t, which is T-t = n+l1 periods away from the term nal

dat e,

n+l — _ _g3).Ha. K, -a-1 RRES! m )
i ali-a) Ak * [ Kt+1 ¥ ﬂkt+l] W

< -a(l-a) - H3 ka1 <o,
using (Al.5a), proving vkk"™1<0 for all n. In the limt, at least the weak
inequality vkkEO must apply in the infinite horizon problem But if vgg£O,
i *

ﬂktt £ ka: and (Al.3a) inplies vikE-a(l-a)-H +12 ki+1" &

then (Al.2a) inplies
1<0. Thus, the inequality is strict. This argument also proves that the

second order condition for optimality is satisfied and that the solution

for it is unique.



Simlarly, vigd™>0 inplies i “t/TH>0 in (ALl.2b), which inmplies vid*1>0
in (Al.3b). Hence, vVvkH#0 and Ti"/MH30 apply in the infinite horizon

problem But then

Vky = a(l-a)-Ha Ll k-2 + AINES Wi 3 a(l-a)-Ha Ll ki@ >0
TH +1

is strictly positive, and i "/ TH >0. Thus, hi gher human capital
unamnbi guously rai ses investnent.

Regarding x and p, (Al.5c,d) conbined with (Al.3c,d) inply that vgy?>0
Vkp?<0, so that the induction can be started at n=2. If vi,"1>0 and vyp"*1<0
for some n31, (Al.2c,d) imply 9i"¢/Tx¢>0, and 9i ¢t/ fpt<0 for t=T-n, which
implies vgx"™0 and vip"<0. Hence, the inequalities vikyx>0, vkp<O, i */ x>0,
and i "/ pt<0 apply in the infinite horizon problem

The sign of 9fi*/fk¢ is generally indetermnate, because of two
offsetting effects. A higher k reduces the marginal return to new
i nvestment (see negative the vkgk termin (Al.5a)) but it also reduces the
cost of installing new investnent (see the positive Wg: termin (Al.5a)).
The ratio of investnent to capital, i¢/kt, however, is unanbiguously
declining in ki. Also, since Wg:>0. (Al.2a) and the definition of W inply

t hat

i'e _ Wee it Wee
B S Wk (T (9 > (1)

and therefore . .
1ﬂ<ﬂtT+t1:17-1H'1' [ j]'Tt”-d] >0. (AL 6)

Overall, we have shown that ki+; = k"(kt, H,Xt,pt, %) and Kiyp =

Nt +1- Kt+1 are increasing in ki, H, and x;, and decreasing in pt, as clainmed
in Section 2.2. The function it = i”(kt,H,Xt,pt,xt) = kK(kt,H, Xt, pt, Xt) -

(1-d)-k¢, has the sane properties, except that 9i*/fki can be positive or

negati ve.



The Investment-Output Ratio

Wth regard to the |nvestnent output ratio (1/Y), we have
_ KT(Ke, Ney He xe, pro xe) - (1-d) - Ke/ N
(1e/ )" a 1.a
He e (Ke/ Ne)

° i T(Ke/ Ne, He, X, pt, Xt) (AL.7)

The derivatives of i*(-) with respect to xt and p; have the same sign as

i */ Ix¢>0 and Ti "/ fpt <0, respectively, whi | e

+
%k; = EL-[ EL -(1l-a)- kt] and (Al. 8a)
P+

have anbi guous signs. If eq. (4) is used to substitute Ki by Y;,

(11" = i ¥y YV (-a) H-al(1-3) W, xe, pr,oxe) = 07 (yes B X, P )
which is equation (8) in the text, the derivatives of (1/Y)" with respect
to xt and pt have the sanme signs as before, positive and negative,
respectively. (Note that the i* function in the text has different
arguments than the i* function in (Al.8a,b) and the appendix above; we use
(1/Y)" and (1/N)* bel ow to prevent anbiguities.)

The derivatives with respect to |n|t|al out put and hunman capital

ﬂ(I/Y)* _ ﬂ(I/N) ) _

iy = (1- a) Yt [ -(1-a) (I/th] and (Al. 9a)
/i _ qWINT i WINT

T = 47.[ 0 - 1_a'(Yt/Fk)U(1 a). ke ] (Al. 9b)

have ambi guous signs. But unless f(1/N)*/fk; takes a |large positive value

the fact that f(1/N)*/fH >0 suggests a positive sign in (AL 9b).

Human Capital Accumulation

This section of the appendix explains why the regression nodel (8) is
consistent with both exogenous and endogenous human capital accunul ation.
This issue deserves comment because productivity and its deterninants are,

at best, inperfectly measured and because the exact interpretation of the



proxies for human capital, such as schooling variables, depends on the
nodel of human capital accumnul ation.

Suppose human capital is produced according to a production function

He1 = HP-h(xt) + (1-dn) - H,

where O£b£1l and Ofdp£l. If b<l and xty is stationary, human capital wll
converge to a stochastic steady state. In this case, a country's nean |evel
of human capital is a weighted average of past investnents. Hence x; and H
in (8 can be proxied by current and past schooling rates and trade
variabl es. 1

If b=1, the long run growth rate of the econony is endogenously given
by gy = h(xt)-d. Then H does not converge to a steady state and, because
gH:) does not depend on H in this case, the econony's optimal K;+1 depends
on K¢/ (Ne-H), Xt, pt, and x, but not on H separately. Using the production
function as before to replace K¢, the investnment share of output can be

witten as

| o Y]
(7:) =i (Nt_th,xt,pt,xt).

Al though Ki/N and Yi/N do not converge to steady states in this nodel,
lt/Yy and Y{/(N-H) do. Further, the balanced growh prediction inplies
that K¢/ (Ne-H) and Yi/(N-H) might show little sanple variation. I|nstead
of trying to find proxies for H one nmight therefore onmt these regressors
and subsune them into the error term The above regression specification
reduces to (l¢/VY:) = i*(xt,pt,xt) in this case. Then schooling variables

shoul d be interpreted as proxies for Xx;.

1a potential enpirical concernis that an investnment nodel that uses past schooling as
proxy for H could suffer froman onitted variabl es bi as because some conponents of H are
not neasured. This woul d seem especially problematic if the political variables are
correl ated wi th out put, because out put depends onthe true Hy, i.e., is correlated with
t he unobserved conponents of H . Nonethel ess, if output is included as aregressor, asin
(8), the coefficient on pt will be consistent provided pt i s conditionally (conditional on

Yt/ N) uncorrelated with H. Only the coefficients on output and on the proxi es for hunman
capital woul d be bi ased.



Overall, both of the specifications with endogenous growth (with and
wi thout Yi/(N-H)) are restricted versions of equation (8). Wthout making
judgnents about the nature of human capital accunulation, we estimte
eq.(8) without restrictions and |let the data deternine the significance of
Ye/Ne and/or H. This approach vyields consistent coefficient estinmates

whet her or not growth i s endogenous.

A2. The Optimal Oil Production and Exploration Policy

To derive the properties of the optimal plan for oil exploration,
production, and investnment in oil production capital, we divide the problem
into three parts--the three steps below. As in the previous section, we can

re-wite the integral C)V(-) dG in (11) as an integral over the nmarginal

di stributions of the innovations to p and p,

O VAG = (1-pt) - O V(Re+1, He+1, KO 41, FP(pt, €Pt+1), fP(pyt, ePr+1), 0)
- dG(ePy 41, €Pr41) .

Step 1: Exploitation of a fixed reserve
First, consider the optimzation problem of a firm with fixed initial
reserves and capital equipnent, Ry and K0y. Wth some abuse of notation, |et
R+1 = R - Zt be the remaining reserves of the firm in period t+1 --
assumng reserves are never replenished -- and let KO be the production
equi pment of the firmin period t. Let zt = Z/R and ki = KO/R be the
producti on-reserve and capital -reserve ratios of the firm

Regardi ng production, we assume that oil is produced according to a
Cobb- Dougl as production function with constant returns, using capital KO,
reserves Ry, and labor N, and produced materials Y9,

Zi = (NO) P (KO) G (YO )M R 1-h-g-m



where 0O<h, 0<g, O<m and h+g+nkl. Materials and |abor are variable wthin
the period, while capital and reserves are predeterm ned. Labor is assuned
to be supplied at a fixed wage rate w, nmaterials have a unit cost. Total
variable cost are therefore w N%+Y%. Note that w is not necessarily the
local wage rate. W assume that oil production requires specialized,
skill ed workers who are internationally nobile.
Cost minimzation inplies YO/NO = mwh, which yields the input
requirenents
NO¢
Y0

Ztl/(h+n’)_(KOt)-gl(h+n)_Rt—(l-h-g—n’)/(h+n)_(mW/h)-r‘d(h+n'),

Zt 1/(h+n')_(KOt)-gl(h+n)_ Rt—(l-h-g—n’)/(h+n)_ (m w h) h/ (h+m)

for producing Z; at given KO and R.. Variable cost per unit production are
t hen
(w: Not+Y0t)/Zt = C.Z,[ll(h+rr)_(Kot)-g/(h+n)_Rt-(l-g—h-rr)/(h+n)/zt
= c-z Y (h+m-1. k. -d (h+m
where ¢ = w/(h+m.[(nyh)y-m(h+m+(ny h)yh/(h+M ] This is the cost function in
the text, if we interpret b = 1/(h+n)-1>0 and n = g/(h+m>0. Note that b-n =
1/ (h+nm)-[1-h-mg]>0. Wth this cost function, the profit function of the
production firmis
PRt = pt- 2t - ¢ ZP L KO- RPN+ (1-d) - KO - KOryg
= (pt - c-ztP ke M-z¢-R + (1-d) - KO - KOy (A2.1)
Gven the initial capital and reserves, R and KO, firns nmaxinmize their
val ue

1-p¢
1+r

VO(R;, KO, pt, pt, xt) = max PR (R, Re+1, KO, KO 41) +

- O VO(R+1, KO 41, fP(pFy, ePy 1), FP(pt, €Pr+1), 0) - dG(ePy1, €Pr41) .

The first order conditions for R+ and K% 41 are then

Pt - c- (1+h) ke~ zgb = ZPL & \0p gee (A2. 2a)

1+r
and 1= EPU Uy oy de (A2. 2b)
1+r ' '




which are equivalent to (12a,b) in the text. The envelope theorem inplies

t hat
P
Vg = %( Ri+1, Ri+2, KO 41, K% 42) = (b-n)-c-zi41P* L ki1™ " (A2, 3a)
P
and Vg = EK?: +i( Re+1, R+2, KOt +1, KO ap) = niczg 1P kpagm M1 + 1-d
+

= n/(b-n) ki L WR + 1-d (A2. 3b)
Note that since PR  is |inearly hombgeneous in (Rt, Ri+1, KO, KO +1), the first
order conditions are honogenous of degree zero in these variables. The
optimal policy functions, and hence the value function, are therefore
linearly honpbgenous in (Ri,K%); in short, profits, decisions and the val ue
function are proportional to reserves R. To exploit this property, it is
useful to define the value per unit reserves vO0 by

VO(Re, K%, pt.pt. 1) = Re- V(L K%/ R pr. pr. 1) © Re-vO(ke, pr. pt).

W may substitute VOg = vO(.)-ki-vO(-) and VO = vO(:) in (A2.2a,b) and
(A2.3a,b). These equations determ ne z¢ and k{4+; as functions of ki, pt, and

pt. Using (A2.3b), we can rewite (A2.2b) as

b'n 1'd 1'pt by
n -[1-ﬁ-(1-pt)] ki1 = 74, O VOG- kisa
= pt - c-(1+h)- k¢ M z¢b (A2. 4)

Taking the total differential of (A2.2a) and (A2.4), we find

dpt + n-(1+b)-c-z¢P- k¢~ N Lodky - b (1+b)-c-z¢P- 1 k¢ M dzg

l . hY l' \
= [y 0 0 Vo dp + [, O VO FPpdGT - dpy
1- B3 1- hY

= - (Wpo- Wp) - dpt + Wp- dpt,

_l-pt A

wher e Wp = 0 O VO fPpdG,
_l-pt A

Wp = 0 O VO fPpdG,

-1 a0
Wpo = 7., 0V d& > 0

and where we exploit that the coefficient on dki4+1 is zero due to (A2.2Db).

Hence,

A - 10



1
dzg = [ (1-Wp)-dpt + (Wpo Wp) -dpy + cicdki] (A2.5a)

wher e ck = n-(1+b)-c-z¢P-k¢-M1 >0,

b- (1+b) - ¢ ¢ 412 1 k41" >0.

Cz
Simlarly,

dpt + n- (1+b) c-z¢P- ki N Lodky - b-(1+b)-c-z¢P- 1 k¢ M dzy

b—n b-n 1-d
(1 1+r (1-pt)) - dkg4g + o1 Ke+1dpt
== dkt+1 = E [ Wp- dpt - (Cp+Wpo- Wp) - dpt] (A2. 5b)
b- n
wher e k = n [1_ﬁ (1- pt)] >0,
_b-n1-d
Cp = Th1er

To determne the signs of Wp and Wp, note that (A2.3b) inplies
b
vO = W + ki1 Vg = ﬁVOR + (1-d) -kt
dv0 b dVOR

=> 0 = = .
Vop dpt+1  b-n dpt+1
z
dvO 12"t 41
=> 0 = = b (b+l)-c- b. kg4 M = - (Wpo-Wp) (A2.6b
VP = dpra (b+1) - ¢ Zear® kea Mg 7 = Zew1: (Wpo- Wp) - ( )

Now we can use a limt and induction argunent anal ogous to the section on
aggregate investnment. In the final period of a finite horizon problem (t=T,

n=1 periods fromthe end) v0p=0 => Wp1=0 => §z"¢/fpt=1/c>0. In period t=T-1

1-
(n=2), Wpl=0 inplies vOy=z(41£1 => Wp2 £ ﬁ O fPpdGE < 1/(1+r), provided

O£f Pp£1. For the induction, assume that O£Wp"<1l/(1+r) in some period t+1 =

T-n. Then
1-
1+r

W+l = O (1-Wp") - z 41 F PpdG®

also satisfies 0£Wpt<1/ (1+r), provi ded Off pp£1. Thus, 0<7/ CLE(1-
Wp) / c,=1z"/ pt<1/c, applies for all t in a finite horizon problem which
inplies 0<Yz"t/fptE£l/c, for the infinite horizon problem

Wth regard to 1z"t/fpt, the general conditions for 7z*¢/fpt>0 are nore

conpl i cated, because Wpp may vary over tine. But if fpp is sufficiently

A- 11



small or r and pt sufficiently large, we have OEWp<Wpp, which inplies
2"t/ pt>0; this is assumed throughout the paper.

Separately, it is instructive to evaluate vop and vop at the nean
val ues of the steady state distribution of zi{, pt, and p;. W have

_ 1-pt
Wp = 1+r

O zt+1 (1-Wp) - f PpdG®

- 1-p =, 0 o o 1-p - : 1-p - :
=> Wp » 1+r'2(1'Wp)'fpp => Wp » 1+r-z-fpp/[1+ 1+r-z-fpp]

:>ﬂzit»£/[l+14-9-z-1:pp] >0
Cz

ot 1+
and Wy = P (Wog W) - f PudGR
p = 14 OZt+1 (Wpo-Wp) - TFp
—_ Y 1__ Z Y Y £ = Y 1-- 7. f 1-- z-f y
=> Wy » —91+r.Z(WpO-Wp).fpp => Wp » —Bl+r.z-fpp/[l+ l+r.z-fpp] - Wpo

2"+ Wpo 1-p - :
= - - . " p
>ﬂpt ” cZ/[lJr1+er|°]>O

which shows that the average values of Wp and Wpg satisfy 0< Wp<Wpo and
t hat Wp, 12"t/ pt, and Yz"¢/fpt are approxi mately equal to strictly positive
quantities. If the stochastic disturbances eP; and eP; have sufficiently
smal | variances, the realizations of 9z"¢/fpt and Yz't/fpt should also be
positive.

Overal |, equation (A2.5b) shows that, under the conditions for Wp>0
and cptWpo-Wp>0 stated above, the ratio of capital to reserves is an
i ncreasing function of p;y and a decreasing function of pt. Equation (A2.5a)
shows that, under the stated assunptions, z{ is an increasing function of

pt, ki, and pt. The economic intuition is discussed in the text.

Step 2: The value of newly discovered reserves

Now we consi der the valuation of new reserves. Step 1 above has shown that
a firm with reserves R and production equipment KO has a value
VO(R:, KO, pt, pt, Xt). Now suppose the firm can buy new reserves Q at tinme t

The new reserves will becone productive at tine t+1, i.e.,

A- 12



R+ = R - Zt + & (A2.7)
By construction of the value function, the marginal value g of the new

reserves is

_Ll-pt A
at = 5, - OWrd& (A2.8)
W will argue that because of |inear honbgeneity, gt is an equilibrium

price of reserves in a conpetitive reserve narket that does not depend on
the level of reserves and the |evel of new discoveries. To see this, note
that according to (A2.5b), ki+1=k*t+1(pt,pt) is a function of pt and pt; it
does not depend on ki (reflecting the absence of adjustnent cost) nor on R
(reflecting linear honogeneity). Hence,

VOR = vO(K"t+1(pt, Pt), Pr+1, Pt+1) - K t+1(pt, Pt) - VOR(K ¢ +1(Pt, Pt) , Pt+1, Pt+1)
is a function of current and future oil prices and political risk. The

rel evant integral over future prices and political risk

1_pt ~ * *
at = 7, - O (vOkeaa"-vO) d&° at™(pr,pr), (A2. 8)
is then a function of current oil prices and current political risk.

Intuitively, the value of reserves is the expected discounted value of a

firmwith one unit of reserves (v9) and an optimal equipnment-to-reserves

1-pt A *
1ar - Okes V0 dG® =

rati o, mnus the value of the equipnent. (Note that

k*t+1 according to (A2.2b)). To conpute the derivatives of q°t, note that
(A2.4) and (A2.5a) inply

Gt = pt - c- (1+b) k¢ z¢ b,

dq*t _ ~ dZt 1

= 4L = 1-¢c- b (1+b) - ki~ Nzeb-1. ==L =1 _ o= (1-W,) = W, >0, (A2. 9a
an: (1+b) ki~ M z¢bL 8 2o (1-Wp) = Wp >0, (A2. 9a)
dg’y dzy

and = - ¢c-b(1+h) - ki Nz b-1, =20 _ - W, + Wp <0, A2.9b
dpy (1#0) - k™R ze > po P ( )

where the signs apply under the assunptions stated in Step 1. Overall,
hi gher political risk reduces the value of reserves while higher current

oil prices (signaling higher future prices) raise the value of reserves.
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Step 3: Oil exploration
Now consider the activities of an oil exploration firm The firm owns the
country's hidden reserves, incurs cost to discover the reserves, and sells
newly discovered (previously hidden) reserves Q@ = H-H+ at the
competitive price gt = q°(pt,pt) to production firms. Since discoveries are
a non-linear function of wells drilled, we have to assune that there is a
single firm the conpetitiveness assunption is still justifiable because of
i nternational conpetition
The profit function of the exploration firmis then

PRY = a"(pt,po) - (H-H+1) - c(FYGH+)-FYGH)), (A2 10a)
as function of hidden reserves, or

PR% = q"(pt, pt) - [F(Dr+1)-F(Dt)] - c(Di+1-Dt), (A2. 10b)
as a function of cunulative wells drilled. The inplied dynam c programm ng

problemis

VX(H, pt. pr.ox: O = max { PR +
He+1

: (‘) VX( He+1, fP( th, ePt+1), fP(pt, ePr+1), 0; G - dCG( Py +1, Py +1)} . (A2. 11a)

1-pt
1+r

The first order conditions for H 41 is then

q'(prpt) = ¢ (FY (G + S - VS de (A2. 11b)
a sinplified version of (12c). Intuitively, the price of reserves nmust
compensate for the drilling cost and for the decline of hidden reserves.
Taking the total differential in terms of drilling cost, one finds
ap dperap apy = - (PR LR gy o T (apy - amy
# 1 OVREST dpe + [P - O Vit Ppd - dpraa
1-pt

[ - O VG - F (Dr+1) - dDr 41

1-py
LT O Vel P - dpras
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=> [c - (-F")IF'2 + ¢c"/F - W F']-dDr+1

= [WH Wiptqp] - dpt + [-Whptgp] - dpt + ¢”/F - dDy (A2.12)
1 \

T OV

1-pt »
Wi = 700 - O Vi@

_ 1' pt N
Wip = T4 - O Vipf PpdG®

1' pt \
Ter 0O VXpr ppdGe.

wher e Wy =

WHp =

Note imredi ately that if r is sufficiently high (and/or pt high), the
W- expressions will be small. Since ¢ -(-F")/F'2 + c"/F >0, dp<0, gp>0, and
c"/F >0, drilling Di+1 Wwill be a decreasing function of political risk and
an increasing function of the oil price; Di+1 wWill also be an increasing
function of D, and DDy+1 is a declining function of D.

In general, the envel ope theoreminplies

VXy = PR +1 = qt+1 - C (DDi+2)/F (Dt+1) (A2.13)

TH +1
Because of free disposal, we have VX0 and VX$0, hence ¢’ (DDi+2)/F (Di+1) £

gi+1 for all t. Al so,

VX = ¢ a1 P s/ F a2 333 - ¢"/F m[ﬂﬁij - 33{31
R (2. 14
Vip = dpt+1 - C"t+1/F t+1-% (A2.14b)
VAp = dp,t+1 - C"t+1/ F a1 ga:i (A2. 14c)

and the derlvatives of the optimal drilling policy are

dgiDtt*l = vt S (c"-F), (A2. 15a)
% = vt - (Qp- Wip) , (A2. 15b)
% - Vt* - (Wi Whp) (A2. 15¢)
and O'Df;ttﬂzvt* - (P P 24Wit BT (A2. 15d)

*

where W' = ¢ - (-F)/F 24"/ F -Wn F .
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The second order condition for the optimal choice of H 41 requires that
W*>0, hence dD't+1/ dD;>O0.

To conpute the inpact of changing oil prices, one may use a limt &
induction argument as above. Since qp?0, dD't+1/dpt30 applies in the
termnal period T of a finite horizon problem If dD't+2/ dpt+130 applies in
sonme period t+1, (A2.14b) and (A2.13b) inply that

1-pt » 1-pt A :
Wiyt = 14y O 0P t+af Ppd& - 14r O C t+1/ Frar

dD; +2
dpt +1

fPpdG® (A2. 16)
£ ﬁ O ap, t+1f PpdG® < qp, ¢
in period t, provided
T O ap, +1f PpdC® < qp . ()
Then vaf<qp¢, which inplies dD't+1/dpt>0 in period t according to (A2.15b),
proving the induction. Since prEl and r>0, condition (*) is only a mld
restriction on the stochastic process of reserve prices. Taking T->¥ proves
the argunent for the infinite horizon. Thus, high oil prices increase
drilling because they raise the current value of reserves (qp t>0) by nore
than the future value (gp t+1fPp).
The effect of political risk is nore anmbi guous. One the one hand, if

dp*tW>0, then one can establish dD't +1/ dpt<0 by an argument anal ogous to the

argument regarding oil prices and under a condition analogous to (*)

(exploiting (A2.13a, A2.14a, A2.15a)). On the other hand, the sign of qp+Wy

is determined by two offsetting effects. First, political risk decreases
the price of known reserves, (p<O, which reduces exploration. Second,
political risk creates an incentive to drill now, to discover and sell the
reserves ahead of a potential expropriation. The economic intuition for the
second argunment is simlar to the argunments in the production setting. The
anal ogy suggests that a nore el aborate nmodeling of the exploration process

that takes into account cost of drilling equiprment and time lags would
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reduce the incentive to drill, i.e., suggesting dD't+1/dpt<0; this a
conjecture to be exanm ned enpirically.

Finally, consider the effect of past drilling on current drilling
rates, dDD't+1/dD. To show that dDD't+1/dDi<0, we have to show that Wpy F
<c -(-F")/F'2 which is a slightly stronger condition than W'>0. Again, a
limt and induction argument applies. Since -c’-(-F")/F"2<0, dDD"t+1/dD<0
applies in the termnal period T of a finite horizon problem If
dD"t +2/ dpt +1£0 applies in some period t+1, (A2.14a) inplies VA £ ¢ t+1- (-

1- N .
L O VRHIGEC a1 (-Fts1) / Fraa' 3 whi ch

F't+1)/Ft+1’ 3 and hence Wphl£

i nplies dDD't+1/ dD£0, proving the induction. Taking the limit, dDD"t+1/ dDi£0
nmust hold for the infinite horizon problem To prove the strict inequality

1- \ 1
P O VMG ¢ (P )/ R,

dDD"t+1/ dDx<0, note that Wpf£ Tor

hence dDD'{+1/ dD £- ;Tr'c't+1'('F"t+1)/Ft+1’3/W*<0 for r>0. Hence, the

current drilling rate DDi4+1 is unanbiguously a declining function of
cunul ative past drilling, D, or equivalently, an increasing function of

the renmai ning reserves, H.

A3. The Optimal Forestry Policy
The forestry cost function in the text is notivated as follows. Let

Zi = z¢-Fp = A (NRf.KR1-Tyg. yRd Fl-gd (A3.1)
be the production function of harvested biomass, which is a function of
forestry labor NF (measured in human capital efficiency units), capital
used in forestry KF, other goods used in forestry YF, and the stock of
forests Fi. The contribution of forest stocks can be interpreted as a
congestion effect in this context. That is, the production function can be
interpreted as representing production with constant returns to scale in

NF, KF, and YF combined with a congestion effect that reduces the efficiency
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of harvesting when the forest area is small. The total cost of harvesting
Zy units is then

Costy = MPNi- NFt + MPKi- KRy + YR, (A3.2)
This reflects a unit price of output, YF, and economy-wi de wage and capita
rental rates, MN and MK, respectively, that equal the econony-wi de
mar gi nal products of capital and |abor from equation (4). Cost minimzation

for given Z inplies

f.g-Zt/ N Yi (1-f)-g-z1/ KR Yi
VP = = — d MPKi = = (1- L—
A A0 S VI Sl ¢ 20/ Y (1-2)
Substituting into (A3.2), cost minimzation inplies that
Costy = qu_ YR+ “—;Lg YR+ YR = didq- YF, . (A3. 3)

These conditions inply that the inputs to forestry production are used in
proportions that depend on the national output-capital and output-I|abor
rati os and on the paraneters of the forestry production function
N/ YR = (g/d)-(f/a)-(Ne-H) /Yy, and KR/ YR = (g/d)- (1-f)/(1-a) - Ke/ Yg.
Substituting these ratios into (A3.1), the required input of goods for a
gi ven production level Z; is given by
Ze = A({(g/d)-(f/a) Y- Ne- H/ Y}
{(gld)-((1-f)/(1-a)) - YR K/ Y3 1-F)9. yRd Fl-gd
= A*.yFtd+g. Ftl'g’d-[Kt/(l\I[-I-lt)](a'f)‘g,
where A" = A (g/d)% (f/a)f9.[(1-f)/(1-a)]1(1-T)9. Hence,
YFt - (A*)-ll(d+g).zt1/(d+g),Ftl-l/(d+g).[K,[/(Nt.H[)]-(a-f)-g/(d+g)
Substituting into (A3.3), the total cost of producing Z; is
Costy = (d+g)/d.(A*)-ll(d+g).zt1/(d+g).|:t1-1/(d+g).[Kt/(|\|t.|.|t)]-(a-f)-g/(d+g)
The aggregate capital-labor ratio Ki/(N-H) matters only if atf, i.e., if
the capital intensities differ. If a=f, the “c” in equation (16) can be
interpreted as the constant ¢ = (d+g)/d- (A")-Y(d*d  The exponent 1/(d+g)>1

corresponds to 1+b in (16). If alf, the “c” in equation (16) depends on the
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aggregate capital-labor ratio, which according to Section 2.2 depends on
the political and other variables determ ning aggregate investnent. It
seens reasonable to assunme that the capital intensity for forest harvesting
is simlar to that of the econony as a whole. Hence, we assune ax»f and
treat ¢ as constant in Section 2.4.

The optimal harvesting policy is derived as followed. The partial
derivatives of the optimal policy function F' are obtained by taking the
total differential of (16). As before, we can wite the integral C)VF dG in
(16) as an integral over the marginal distributions of the innovations to
pF and p,

O VEdG = (1-pt) - O VE(fP(pFt, ePra1) . Fr, FL fP(pr, €Pr41), 1) - dGY( Py 4g, Py 41)
where pFii1=fP(pFi, ePt+1) reflects the dependence of forestry prices on
| agged prices and a stochastic conponent ePii+1. For convenience, we wite
the production choice in terns of the scal ed production variable

zy = Zt/Fe = 1 + 9(ft) - Frval Fy,
wher e ft = Ft/ﬁ.
Since unit cost and the natural growh rate for biomass depend on Z;, Ft,
and F only through their respective ratios, the value function nust be
honbgenous of degree one in F; and F. That is,

V(pFta1, P, F, pres, Xt+1) = F - V(pFeat, Ft/ F, 1, prat, Xe+1)
and VE(pFt+1, Ft, F, prat, Xe+1) = VE(PFeat, ft, 1, Prat, Xe+1)

Equation (16) then reduces to

pFt - c(1+h) .z = TPt

1+r

- O VE(PFt+1, ft+1, 1, pta1, Xt +1) - dG°

and the total differential is

- 1 A 1- t \
dpFt - ¢ b (1) 2P Ldzg = -[ 1 O VRIS dpr + [ O Ve PG - dpy
1- ~ 1- \
+ 17 O Vep TPpdGT - dpR + [P O VerdGY - df 1 (A3. 4)

Since fr41 = (1+g(ft)-2z¢)-ft, we have
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dft41 = [1+9(f¢)+0 (f) - f-2z¢]-dfy - f¢-dzg.

The partial derivatives of the optimal policy function are then
fiz"¢ 1 1-pt

e - W, | 1er O (- VEp dG® [ 1+g(f 1) +g’ (f¢) - 2¢] (A3. 5a)

1z* 1 1-pt A

con: =w, - L1+ 1ot O (- Vip) - £ Ppdc] (A3. 5b)

12 _ 1 1 x 1-pt A

oo S W, 0 LTar O VedG + - O (- Vip) - T Ppd ] (A3. 5¢)
wher e wz:c-b-(1+b)-ztb-1+1'p‘-(‘)(-vpp)d(36-ft.

1+r
To conpute the derivatives of the value function, note that the

envel ope theoreminplies that

V() = TPRUFL Rl o pgg it gy +g (Fran) - Fread
MTFt +1

[pFi41-C zg 420 (14D)] + ¢ b zg 411

can be witten as a function of pFi41, ft, and z{+1. Hence,

W, 5/ F- % (A3. 6a)
VEp(+) = [1+9(ft+1) +9" (Fe+1) - Fr4a] - Wzz E;::: :1 (A3. 6b)
Vep(+) = Wy }2?:11 (A3. 6c)
wher e Wzz = C-zg41P L (14b) - [1+g(Fr41) +0" (Fr41) - fre1 - Ze+1] -

To determne the signs of the partial derivatives of V(:-), we proceed
as in the previous section, showing sign restrictions for the anal ogous
finite horizon problemby induction and taking the linmt T->¥. In the |ast
period of an infinite horizon problem z1 = [pF/(c-(1+b))]1/b depends only
on pFr. Hence VEY(pFr.f1.1,p1. 1) = [pF/ (1+b)](1+UD).pcP is positive and
increasing in pFr, Vgp!>0 (recall that the superscript of V denote the
deci si on horizon); Vgl does not depend on fT and pt. For period t=T-1, Vg!>0
inplies pFi-c- ztb-(1+b)>0; hence (A3.6a) and g' <0, 2-g (f¢)+g"(f¢) -f¢<0 inmply

V2 = [2:9' (F1)+g" (f1) - ]/ F [pFi-c-z¢P- (1+b)] < 0.
For the induction, suppose VEF'<O for some period t+1 = T-n. Then

1- N
W, = cbe (1+h) - ze4gP 1 + PN O (Ve dE £y > 0,
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and in periodt =T - (n+l), 1+g(f¢)+g" (f¢)-ft 3 1 3 zt inplies

ﬂZ* 1 1_ 3 ’
W= W 1ar O CVERNAG 1+ +0' (1) f-zi] > 0,

and Wz = coz¢P L (14b) - [1+g(f i) +g' (1) - ft - 2] > 0.
Mor eover, VE>0 inplies th-c-ztb-(1+b) > 0 and
VEFTL(-) = (2097 (F) g7 (1) - f]/F-[pR-c 2¢P (1+h)]
- WM i:% <0,
which proves that VEF'<0 for all n. This shows that in the limt, VEH-)E£0

and z*/f¢30. But if 9fz"/ff{30, (A3.6a) inplies the strict inequality

VFH( - ) <0.

For 9z"/fpt, we start with Vgpl=0; (A3.5c) at t=T-1 then inplies
T2 T = ﬁ-(‘)vpdee/wz > 0; (A28c) at t=T-2 then inplies Vgp2<0, which
reinforces the argunment for 9z"¢/fp¢>0 in (A3.5c). Induction and limit

arguments anal ogous to the ones above show that 9z*/{pt>0 and VFp<O apply
for the infinite horizon problem

For fz"/fpt, the argunent is somewhat nore conplicated, because higher
current prices tend to raise zy while the expectation of higher future
prices tends to lower z;. In any case, if the persistence in prices, fpp, is
sufficiently low, (A13b) inplies fz"/fpt>0; this is assuned.

Overall, we have shown that zt*(Ft/i:, pFt, pt) depends positively on all
three argunents. Through z{, Fi4+1 = Ft(1+g(Ft/i:)-zt) and (Fi+1-F)/F =
g(Ft/i:)-zt therefore depend negatively on pf and pt. Since g <0 and
2"/ f >0, (Ft+1-Ft)/Ft depends negatively on Ft and (Ft+1-Ft)/Ft and Fi+1
both depend positively on F. Since 1+g+g’-f > 1 3 zy, we also have

TFt +1/ TF: >0.
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Supplement to the Appendix to:
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by Henni ng Bohn and Robert T. Deacon
Department of Econom cs
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Santa Barbara, CA 93106

Novenmber 1998

The appendix enclosed with the previous version of the paper remains
unchanged, except that we have taken the discussion of endogenous and
exogenous growth out of Section 2.1 and noved it into the appendix. To
avoid duplication, we are only enclosing the new section of the appendi x,

as shown bel ow. The conpl ete appendi x i s avai al bl e upon request.

Human Capital Accumulation

This section of the appendix explains why the regression nodel (8) is
consistent with both exogenous and endogenous human capital accunul ation.
This issue deserves comment because productivity and its determi nants are,
at best, inperfectly measured and because the exact interpretation of the
proxies for human capital, such as schooling variables, depends on the
nodel of human capital accumnul ation

Suppose human capital is produced according to a production function
H+1 = HP-h(x¢) + (1-dn) - H,

where O£bE£l and Of£dhrEl. If b<l and xi{ is stationary, human capital wll
converge to a stochastic steady state. In this case, a country's nmean |eve

of human capital is a weighted average of past investnents. Hence x; and H



in (8 can be proxied by current and past schooling rates and trade
vari abl es. 2

If b=1, the long run growth rate of the econony is endogenously given
by gy = h(xt)-d. Then H does not converge to a steady state and, because
gH:) does not depend on H in this case, the econony's optimal K;4+1 depends
on K¢/ (Ne-H), Xt, pt, and x, but not on H separately. Using the production
function as before to replace K¢, the investnment share of output can be

witten as

(W) = 1 (i X PO

Al though Ki/N and Yi/N do not converge to steady states in this nodel,
lt/Yy and Y{/(N-H) do. Further, the balanced growh prediction inplies
that K¢/ (Ne-H) and Yi/(N-H) might show little sanple variation. |nstead
of trying to find proxies for H one nmight therefore ont these regressors
and subsune them into the error term The above regression specification
reduces to (l¢/VY:) = i*(xt,pt,xt) in this case. Then schooling variables
shoul d be interpreted as proxies for Xx;.

Overall, both of the specifications with endogenous growth (with and
wi thout Yi/(N-H)) are restricted versions of equation (8). Wthout naking
judgnents about the nature of human capital accunulation, we estimte
eq.(8) without restrictions and |let the data deternine the significance of
Ye/ Nt and/or H. This approach yields consistent coefficient estinates

whet her or not growth is endogenous.

2 A potential enpirical concernis that an investnment nodel that uses past schooling as
proxy for H could suffer froman onitted variabl es bi as because some conponents of H are
not neasured. This woul d seem especially problematic if the political variables are
correl ated wi th out put, because out put depends onthe true Hy, i.e., is correlated with
t he unobserved conponents of H . Nonethel ess, if output is included as aregressor, asin
(8), the coefficient on pt will be consistent provided pt i s conditionally (conditional on
Yt/ N) uncorrelated with H. Only the coefficients on output and on the proxi es for hunman
capital woul d be bi ased.



