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ABSTRACT

In this paper, we consider the case of a resource-exportiﬁg country
that invests part of its resource earnings in the international capital
market. "We can show that the recycling of Hotelling rents introdqces an
incentivevfo supply more resources today and thus alleviates the resource
shortage for the present generation. But the other side of the coin is
that scarcities in the future will be more severe, that quantities
extracted will decline more rapidly, that exhaustion wiil occur at an
earlier date and that the price of the natural resource will rise
faster. The paper also shows that fhe introduction of a capita) market
with a given interest rate separates the prob]em of optimal consumption

and the optimal intertemporal supply of natural resources.



The Intertemporal Supply of Natural Resources and the Recycling

of Hotelling Rents. The Case of the Saudis

K - Horst Siebert
The Hotelling rule (1931) of intertemporal supply behavior is.derived-
for a competitive sdpp]ier of natural resourées in -a partial}equilibpium:'Qfg
framework where the :recycling of the Hotelling rents is not further ,;,x.‘“

considered. " This mode] of a profit maximizing firm cannot be .used for

the explanation of the intertemporal supply behavior of ‘a resource
exporting country if that country uses part of its resource earnxngs for -
portfolio or real 1nvestment in the international cap1ta] market I

this paper, we analyze the intertemporal supply behavior of ‘a resource

exporter when the recycling of resource earnings is exp]icitly“takeﬁ:into:¥w?‘“""
consideration. We will compare a situation in which the Hotelling rents ..
are not recycled with the case where resource earnings are reinvested.

The basic proposition is: A resource-exporting country that uses
part of its earnings from natural resources to buf\d up financial{capita]
will have an incentive to supply more resources tqday and thus alleviate -
the resource shortage for the present generation. But the otherfside of

he coin logically is that the country becomes less dependent on resource
earnings in the future and will have a smaller incent}ye to extract
resources in future periods. bAlthough the price of the resource will be
lower initially, the price will rise faster éﬁd exhaustion:occurs at an
ear lier date.

The price setﬁing and the supply behaviof of the OPEC countries has
heen anquzed in a number of models, for instance by Cremer and We'itzman

(1976), Hnyilicza and Pindyck (1976), and Pindyck (197&; 1981). The
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recycling of petro-dollars is partly addressed by Schmalensee (1976) and
explicitly analyzed by Calvo and FindlayéllQlB). They, however, neglect;‘.
the "exhaustibility of oi]“ (p; 524). In a more recent paper, Hoel

(1981) has introduéed the accumulation of -financial wealth by a resource

'extracting monopolist and applied his‘resﬁlts to .the OPEC case. . In .- .= :
contrast to Hoel, this paper is moré specifically tailored to anélyzing,}ji};f’
the incidence of recycling, i.e. to the comparison of the- recycling withqg:
the non-recyciing scenario. We explicitiy introduce demané behavior, ;f¥;5€1;
market equilibrium in the resource market and balance of payment - -
considerations. | |

The assumptions of the model are presented-in Secfion;l;t TheA

necessary conditions for a welfare maximum of the resource.exporting. =

country without recycling are discussed in Section 2. . In Section 3,.‘f
recycling is expﬁicit]y introduced. The two cases are compared in

Section 4. Finally, some potential extensions are indicated.

1. Assumptions
A country owns a stock of natural resources RO. It sells qq units of
resources in the.wdrld market at price pi. The change in the stock of the

nonrenewable resources is yiven by

ét:'qt | | | - e
In each period, the ;ountry imports a consumption gobd D at the price n.;' 
et the prices p and = be denoted in foreign currency. If no capita1_ 
exports or imports take place, the balance of payment restraint in :
foreign currency is defined as

PG - «b > 0 _ (2)
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This restraint can also be interpreted as the budget restraint for the.
resource-export1ng country | ‘ "i v;'fM

A]ternatlvely, we wn]l assume that the country can buy flnancial
assets in the world' cap1tal market 1n1t1a11y, 1ts f1nanc1a1 assets are
zero. The assets Vt yield an interest rate r. : Let the assets be ? 3
expressed in terms ef foreign currency. Resources can be extracteu
without costs. Then the cbuntry's income Y “in fore1gn currency 1s  i~ -
defined as ' | ’ S

Ty = Ppg * Yy

where P9t represent the Hotelling rents. The change in'che s;ockmpf_the';»f

financial assets is:given by

Qt = Pyl * rVy - Dy ._ .(2a)
tquation 2a can aléo be_interpreted as the balance of»payﬁents where‘the.
right side contains the net balance of the current account, i.e., trade
plus services (interest payments), and the jeft side indicates capitel
movements. V > Obindicates the accumulation of financial capital .and
cepital exports; V < 0 denotes the reduction of financial capital or

capital imports. The resource-exporting country has a concave welfare

furiction,
' . UNDD
W = W(D) with Wy > 0, Wpp < 0 and n(b) = - w— > o, (3)
. : D .

where no(D) defines the elasticity of the marginal utility function. The
country maximizes its welfare from cohsumptioﬁ over time (0,02) where '
future welfare is discounted with the country's given time preference

rate ¢.
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Demand behavior of the importing country with is given

] - P o) 7
q = f(p) with f) < 0 and  eqn = f =< 0. | (4)

0.

i

Demand will become zero, when p = p, i.e., f(E)
Markets or an auctioneer will set resource prlces in such a way that
quant1t1es supp11ed are equal to quant1t1es demanded 1n each per1od and

over all per1ods (stock equ111br1un) Spec1f1cal1y, the 1n1t1a1 pr1ce p0

of the resource has to be set in such a way tnat supply equals demand
over all periods. whereas the auct1oneer or the markets 1nclud1ng a set

of perfect future markets, set the equx]1br1um prices, the resource‘

exporting country takes the resource price as given and does not
anticipate demand. Thus, the resource exporting country determ1nes 1ts

supply for a given set of prices. If at a g1ven set of pr1ces markets ao .

not clear, the auctioneer will call out a new set of prices untll‘
equilibrium prices are foung.

Finally, we assume that the 1nitjal‘price w. of commodity D ‘and its

0

change over time, n., are exogenously given.

t’

2. Extraction without Recycling

As a frame of reference we {irst analyze the case in which no-

recycling occurs. The optimization probiem is o
oo .
-3t : '
Max = /e W(D)dt - (5)
0 : _

s.t. (1) and (2).
The Hamiltonian H and the Lagrangian L are defined as .

H = W(D) *+ x(-q) . .. . (5a)

L=H+o(pq - «D) © - (5D)

i
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We have the following necessary conditions for a welfare max imum

3L

30 = ND L ;_0%- S ==> ND = pf

g—lci-=—.)‘+pp=_§ ==> : X = pp!

Caao M S (e
% b i szOE P %59 | (5'{)

a

The Lagrangian multiplier p is the shadow price of one unit,ofvfprgign'ﬁ._}:;’

exchange earnings. We assume in this sectiontthaf the balance of. trade

is in equilibrium so that o > O. From:equatjdns 5d and 5e, the -
percentage change in p iS given by

P =5 - 3 s , ~ (6)

Consider the case & < p in which the resource price rises faster than
the time preference. In a closed economy this means that it is not .
worthwhile to extraég the resource. For an open economy, equation 6
requires for § <_B that ‘the shadow price of one unit of foreign ;grpenqy
earned, expressed in;current value, falls ovér~time<: This case May éfise
if the price of the imported commodity falls heavily. In the following
we rule out this case assuming 6 > D which is the usual condition given
for extraction to take place. This assumption impljesvtnat p increases
over time.

Consider the case § < 5 iﬁ which the‘marginal contribution of one
unit of foreign currency earned to the objective function rises fasfer
than the time preference. Then, wjth-given prices, it would be optimal
to holid fofeign currency for the next.periOd. We have, however, required

that the trade balance be in equiljbrium. Consequently, 6 <3 can only
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occur if the price of the n&tural resource falls over time (compare
equation 6). In order to exclude this.possibility, we must assume that
§ >P. For similar feasons, we assuhe that the pfice of the imported
commodity does not surpass the time preferénée so that we have. N o ;3f'
. '5'>‘ﬁ, _y i | ..' _ - (5;)2' . ﬂi; t£
The assumption § > é imp1ies that 3 > 0. | | .
Differentiating%eqﬁation 5¢ with respect to time and substitutﬁng'
equation 6 we have | R

For consumption to decline it is sufficient that

A Al
§+75p =>D<0

(Bé)' :"‘ﬂif J

For 7 = 0, this is the usual condition for extracting reSOukéesﬁ~ If"”

7 > 0, the costs of waiting do not only include the time préference but
also the price rise of the imported commodity.

Define t = p/» és the terms of trade of the resource exporting
country. Then equat{on bc may be rewritten as

A

§>p-1="1 ==> D < o. ' ' o (6d)
i.e., consumption will decline over time if the time preferehce‘is 1arger- :
than the change (improvement) in the terms of trade. Given conditibn
(6c), the decline of consumption will be more pfonouncéd the iarger the _"
tins oraference rate §, i.e., the higher is the original conSuﬁbtibn :
ievgi, the smaller the;price rise of the natural resource anq the‘]arger
tie price rise of the imported commodity. |

Ecuation Ob may also be rewritten as
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which defines an optimality condition resemb]ihg the Ramscyfru1e'fh j ;*
models of optimal etonomic growth (Dasgupta and Heal 1979 p 297)

left side of equatlon 6d denotes the beneflt of 1ett1ng one unit of a

resource -sit in the,ground_for-one period.. The right side ind1cates the

costs of waiting. s + nD is the consumption ratewof-d1sc0unt (Dasgupta, =1;5(}" ’

1978, p. 7). Add1ng price, the change of the 1mporteo commodsty deflnes

the consumption rate of discount for a resource exportlng country

Alternat1ve]y, equat1on 6e may be rewritten as SRR f”3'7;5 "ﬁ'“*

A

t=p-7%=235 +. nU - R ‘ (Gf)

This equat1on requ1res that the consumpt1on -rate. of d1scount i e., théﬁ

costs of_wa1t1ng, must be equal to the 1mprovementr1n the terms,of'trade,’

i.e., the benefits of waiting.
For given 7, the optimality condition 6k is not sufficient to
determine both D and p. To. dpecify a solution we need additional

‘equations. From the demand equet#on we have

g = Eqpp. (7)
Differentiating equation 2 with respect to time yields

A .
p+q-7+D | X (8

which requires equilibrium in‘the_trade'balance., The three equations 6b,

+

. A A~ A
/ «nd 8 contain the variables q, 0, and p. We have

* s+ M1 - , '
p= 1-nﬂ+e;i) - (9)

For an elastic demand of the resource importing country, the.
denominator of equation 9 is always positive. For prices to rise it is

sufficient that 1 > n. Then, the denominator_wiTlvbe positive even if

demand of the resource importing country is inelastic. The elasticity-of

the marginal utility function o can be interpreted as the demand or
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import elasticity of the resource exporting country. This follows from

condition 5¢ which implicitly defines a demand function D = D(wr, 5). Let

' n . 1
€0y = D" R Assuming p‘as constant we have Or = " 7 < 0. |
Consequently, a high elasticity of demand .of -the resource exporting . e

country for-conmodity D is-sufficient. for prices of'thevnaturai reéouréésr
to rise. This cond1t1on implies that the rescurce exportwng country can
easily reduce rts demand for commodity 0;: conquuently, 1t can also »
adjust the supply of natural resources since-;ii does not need fore1gﬁ ) J»
exchange earn1ngs very badly. We see that in this model the supply of ;
natural resources thus is directly linked to the demand. of the ~¢ ‘;~;;ﬂ
consumption good. . SRR I:‘ o %'yEﬁ_i

The price rise wi]llbe stronger, the-nigher the time pfefefgdte,itﬁéig

less elastic is the demand of the resource importing country for*hatUréT i

resources and the more e]ast1c is the demand of the resource export1ng
country for the gonsumpt1on good 0. From. equat1on 7 q will fall over. .
time, and from equation &b D will fall. With quantities being reduced;ii'p.;l
the e]asticities;gqp amd ep, wi]l'change. Assumiﬁg a linear demand -
function, demand of the resource importing country will become more
elastic. -This makes for a smaller price rise. At the same time, n méy
rise and the elasticity of the fesource equrtjng country with féspect:tg .
O wiil fall. This again reduces the price-rise. The price will approach;
the value p where demand becomes zero. From the tfansversé]ity COndition5§:w,
s o have ’ v

~&7 Die(T) - e_éTw(D) . (10)

Vs cen rule out the case that the present value of the shadow price

> N
[ Al

-~

#i7; = O because this would imply that pgPg = 0 so that either the

vzuource is not scarce or foreign earnings have no positive value in the ©::
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initial period. Also q(T) = f(P) = O since p is reached. With the
present value of the éhadow price x(T) beingzpositivé, and with q(T) = O, |
D must be zero in terminal time T. From equation 5c ii~f6110ws that with 'vi}f?:}{ -
rising p and =, Wp will rise from period to periqd and thus terminal | L
time will be infinite, | |
In Figure 1,.the optimality conditions of eaﬁhvpéribd are

i1fustrated. Assume fhat n is cohstant. For given o, consumptipﬁ is -
determined by equatioﬁ 5¢ or by the marginal utility schedule ‘in thei._

upper quadrant of Figure 1. Once D is specified, with p given and the

price p being set by the market, the supply of ﬁatdralfhesourCQSZisnilso
determined. 1In the lower quadrant of Figure 1,-iet_tg;a = u?p, ;Nitﬁ'D
specified and tg a given, the1quéntity.supplied q = Dn/p is also
specified. The straight line 0B denotes the budget réstraint of the
resource exporting country, i.e., its trade balance. |

With rising o, wD increases and the quantity consumed declines, i.e.,
the country works its way up the marginal utility schedule. At the same
time, =/p declines with rising p, tg o becomes smaller, and the supply is
reducedl. ‘Note that in this mode],_the.supp]y of natural resources
is Tinked to the consumption behavior. . |

In Figure 2, the time path of the resource price is shown (path 1}.
In Figure 2b, we assuﬁe a giyen demand behavior in each period. Markets
ar che auctioneer set ‘the equilibrium price Po and thelpricé.will rise_in |
such a way that markets arewcleared.in each period and over total time.
In drawing the time path it has been assumed that bofh demand

elasticities will become larger over time in absolute terms so that the

price rise 1is reduced.
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)

Figure 1
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3. The Recycling of Hotelling Rents

We now analyze how these results are affected when the resource
exporting country can recycle the Hotelling rents and can accumulate
foreign capital. In the maximization problem we now have to lntroduce

equation 2b instead of equation 2. Then the Hamv];onman is-

H = WD) +a(-q) + o(pg -~ =D+ rv) : SN § § B

We have the following conditions for a welfare max imum

e = = (.119)‘1“
o = 6 - %%’ | a=> o=8-r | - (11d). f-"if%~:

Quantities consumed of cbmmodgty D continue to be determined by the
marginal utility schedule, 1.é., equation 5¢ holds. However,
differentiating equation ilb with respect to time and inserting equations
1lc and 11d, gives for the change in pkice

P=r (12)

The change in price of the naturaT resource is completely determihed by -
the interest rate. Since r is assumed to be given by the world capital
market, the rate of change in the brice is given. With given‘B, the rate
of extraction is also determined‘(compere equation 7). The time profile
of extraction is‘completely independent from the time profile of
consumption. This confurmc the well-known result that in the presence of-
perfect capital markets, proouctwon (extractlon) and consumption

decisions are separated (Fisher 1930, Schmalensee 1976, Hoel 1981).
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Differentiating equation 1la with respect to time and inserting.- ﬁsiéﬁ,;‘
equation 12 we have' S '31.1: R
D=L (5-r4u - ~ : S ay)

" i ; , , L
so that a rising or a constant price of the. imported commoditx D4é@q;§k§ o
r are suff1c1ent conditions for consumption to dec]1ne 2 : S

Assume that the, resource exporting country does not hold f1nanc1aTi‘
assets initially so-that V = g,  For the accumulation of financial. .> f Qf& ;$?
capital 1t is suff1c1ent that in each pemod3 el
g >ab or “pln >D/lq - SR (14)

where p/x denotes the terms of trade as g1ven by the price system

Condition 14 requires a positive trade balance. Alternatively} it can be
interpreted as a comparative advantage of the resource exporting country
with respect to the natural resource if where p/w»is thé wor ld méfkgﬁs
price and D/q is interpretea as the real bricé of one unit of the o
resource in terms of the consumption good D for the resource exporting - o ff‘§
country. » |

In Figure 1, consider a single period.for which prices p, = and p are:":ﬁww
given4. Then g > Da/p réquires that_a larger amount of reSodrﬁes is 
exported than -is called for by the balance of trade. whefeas the balancé
of trade mandates the export of quahtity-D*A, tne accumulation of éapithA"
commands additionallexports AC.

Assuming V_ = 0 initially, a sufficient condition for the

accumulation of capital is that

3§€Q) _ aggp) >0 , S : (15)

Myreg) v bioorefu-nlso (15a)
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Ceteris paribus, financial capital wiit v built un, the m»

inelastic is the demand of the resource importing cour . ihe more

- “qp° |
elastic is the demand of the resource country for its imports, i.e., the e

lower n and the higher e¢__, and tne higher the time préference with respectfggﬁﬁ(

ap _ . .
to the interest rate, s > r.. This last condition implies that initially -

R
&

more weight is put on consumption, but that over time the‘cbhsumption

level is reduced.’ Equation 15a can be rewritten as

r(l* eyt ebﬂ)' - €p, (6 - ?(1‘f 1/€qp).> 0 | - "'(I§§):’.if ﬂ;”f;

If demand of the resource exporting country is elastic,iit,iSASUffigignt;f,i;'ff

for accumulation to occur that tne Maréha])-Lefner conditibn foAthé}f jﬁjfbf,:
nofma] reaction of the trade balance of thé résouhce importing Cbuntry;TS"}; “
violated. This means that a low demand é]asticity of the resouﬁcgq. y ;h¥;1%;
impor ting country‘is sufficient for the accumulation of financia]

capital. From the transversality condition we have that .

ST ATEE) = e WD) + o (BF () - b + V)] (16)

fne present value of the shadow price »(T) for periqd T must bé greater

than zero since the present va]ué\for the shadow pricevmust be equal for' :=f:‘
all periods and a present value shadow brice of zero implies no ol
intertemporal scarcity. Since q(T) = f(p) = 0, we must have in termina1

time T _ |

WLD(T)T = o(aD(T) - rV(T)] = O (16a)

£xtraction has stopped, i.e., q(T) = 0, but consumption continues,

i.e., D(T) > O.with nD(T) > rV(T). The country uses its asséts}to:pay ;:i, ; )

_for the imports of commodity 0.
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Note that"T'is réached 1n‘f1nvte t1me"

1nf1n1ty 1n f1n1te t1me So>

excluded

so that. v >f0 is~no 

V.=,0. However a s1tuat1on

("y " . by

V-zTV-wD<0

V decllnes,‘and D must be recuced

g 1___5 ,sfte__ereq? by equat io

A -
°

"
E

Of course, in a scenario; of rising import price

melts away more_duickf&‘ovef_time, For t > T,.th

the demand for the consumpt1on good

Thus, the accumu]at1on of f1nanC1d1 capwta'

!

the rescurce expo't1ng country. The accumuiqtiqﬁwpfgfjhancia1ica

raturds resources; Cohsumptwon can’ cont1nue after extractlon has

1TALS

(‘1

good § wi

thout 1mport1ng the~natura] reSourcevqu.i_;{
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4. - The Incidence of Recycling

[f recycling is explicitly introduced, the problems of optimal
consumption over time and the optimal supply of natural resources are

separated. The price rise.of,the natural resource is completelyk

~ determined by the given rate of interest so that extraction decisions are;fag}

independent from consumption decisions of the resource exporting

country. Comparing equations 9-and 12, the price of the naturakbqesourgef!;:g

will rise faster in the recycling case if

1

£+ 7l - n) . : Sy
" ITWL ) | o
Condition also is obtained by rewriting equation lba which.is sufficient
for the accumulation of capital to occur. Thﬁs we’have; If recyclfng '
‘takes place, the price of the resource rises faster. Moreover wé knowll
that the price rise is constanﬁ.
Call ﬁR the pricé rise in the recycling case and denote_as,ﬁ tﬁe

R
o ahd po_represent the

price rise in the case without recycling. Let p

initial prices. Then a faster price increase in the recycling case

implies that in the recycling case the initial price must be lower, i.e.,
AR
P

A
>P ==>p

Py < Py ‘ (17a)_

)
This is due to stock equilibrium. Assume that the P" is greater than P

and let pg > p, contrary to equation l?a. Then, in the recycling case,

a smaller quantity is demanded in the initial perioa, and, due to'the
higher price rise, in all other periods. . The resource would not Be
exhausted when p is reached. Consequently, such a time path for p in the
recyc ling case is not possible{ i.e., path'Z jn Figure 2 is not

permitted. The initial pkice must be lower in the recycling -case. The
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time BR—path (path'3) must intersect the p--path (path 2). Extinction
occurs at an earlier date.

We can summarize as follows: The recycling of Hote]]ihg'rénts
represents an incentive to supply more natural resources initially.:
Recycling introduces a bias in the time profile of extraction.in favor of
the present generation. Thus, it alleviates scarcity today. The other
side of the coin is} however, ﬁhat the price i§ rising faster, that
extraction in futuré periods will be smai]er, scarcity will be greater in
the future and extraction will occur at an ear]ief date.. In this model,

“the recycling of the Hotelling rents buys time.for the non-OPEC nations
for substitutibn, innovatioﬁ and other adaptions. If these adjuStménts

will not take place, recycling will aggravate scarcities.

5. Potential Extensions

The model presented can be extencged in severél directions. Instead
of weifare maximization, other stfetegies of thé resource exporter'can be
assumed such as maintéining a given constant permanent real income,
detérmining'the highest possible constant consumption path (Hoel 1981),
fostering economic development at home (Schmalensee 1976) or maximizing
weaith in foreign assets under income restraints (Calvo and Findlay 1978).
It can be assumed that the supply behavior of a large natural
resource éxporter can §quéeze the rate of return in the fesource
importing countries as is suggesfed'by the macroeconomic evﬁdence in the
seventies. Then the induced effect of supply pehavior on the rate of

return will have a feedback on the supply behavior (Hoei 1981).
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Furthermore, it would be interesting to discuss'phe recycling of
Hotelling rents in the context of an internat?bnéi (QSOUrce cartel
(Pindyck 1978, 1981) and under conditions of uncerta{nty (Pindyck 1980)
with respect to demand, or alternative technologies. Finally, government

interventions such as import taxes could be in:troduced (Siebert 1981).



Réferéncéy

«.-—-——A .

Calvo, G dnd R F ind ]ay:
: . ;

through Investo?nt of 011 Export Reve,ues

i‘8 (N

Econom1cs Vol

Renewable Resources New York

Oxford March 1978

Dasgupta Partha S. and Heal Geoffrey;M

Resources, London: N1sbet 1979

Fisher, IrV1ng, The Theory of lnterest “New: Yo ki
Hnyilicza' Esteban and Robert S. Plndka'

Two-Part Exhaustlble Resource Lartel

Economic Reviews Vol. 8 (August 1976)

Hoel, Michael, “ResourcecEx;raction by

)

Review, Vol. 22é(Februaéy 1981),'147-157

“Hotelling, Harold, “The Econom1cs of Exhaust ble Resource'"

Political Economy, Voa 39 (April 1931)A

sptimaiity, and frdde Amsterumn.



-20-
Pindyck, Robert S., "Gains to Prcducers from the Cartelization of

Exhaustible Resources," The Review of Economics and Statistics, Vol.

60 (May 1978), 238-251.

.

Pindyck, Robert 5., "The Optimal Production of an Exhaustible Resource

When Price i1s Exogenous and Stochastic," Scandinavian Journal of

Economics, 1931, forthcoming.

Pindyck, Robert S., "OPEC Qil Pricing, and the Implications for Consumers
and Producers”, M.I.T. EnergyiLaboratory Working Paber No.
MIT-EL-81-045WP, July 1981. o |

Schmalensee, Richard, "Resource Exploitation Theory and the Behavior of

the 0il Cartel," European Economic Review, Vol. 7 (April 1976),
157-279.

Siebert, Horst, "Import Taxes and the ]ntertemporé] Supply of Natural
Resources”, MIT Energy Laboratory Working Papef, No. MIT~EL—81—052NP,
August 1981. o '  .‘



~71-

Footnotes

The diagram can also be used to explain a trade deficit with capital

imports (V < 0) of the resource exporting country.

Note that in the case & < r, the shadow price s will tall, D may

increase, and V can ba negative.

The change 1n financial assets is given by

o 1
V=r+qg(pg - D)

The assumption of identical prices in the two cases is for
explanatory purposes only. An identical price vector in both cases

must relate to a different time period.



