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capital cost, and the timing of field opening is chosen to maximize the present value of the
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and geologically determined supply.
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1. Introduction:

How does the supply of a non-renewable resourg®nekto price changes, and how does
the market for such a resource respond to shifiemand? These questions are important
for understanding long-run issues such as thetsftgaclimate policy on the use of fossil
fuels, and short-run issues such as the behavfa@amomodity prices. At one extreme, the
Hotelling (1931) approach treats non-renewableuness as assets which can be depleted at
any date, so that prices are linked by inter-temlparbitrage (the rent increasing at the rate
of interest). At the other, some industry expasgs extremely low supply elasticities (the US
Energy Information Administration uses short-rupy elasticity of 0.02 and long run 0.1,
see Smith 2009), implying that opportunities faeimtemporal arbitrage are negligible.

The objective of this paper is to provide a modekhich the supply of an exhaustible
resource is captured in a richer manner than icdmeentional Hotelling approach. The
central idea is that supply can adjust throughnvesgins, intensive and extensive. The
intensive margin is the rate of depletion of exigtopen fields (or mines). We posit a
relationship between extraction costs and theaftiepletion that can vary between zero and
perfect flexibility (the latter being the pure Hliiteg case); this endogeneity of extraction
costs breaks the rigid link between price growttl e rate of interest. The extensive
margin is the development of new fields. Centabtir approach is the fact that capital has
to be sunk before a new field is opened, a fedhataccords with reality, and is a
guantitatively important feature of major miningvé®pments and oil investments in
offshore and deep fields. Fields differ in capdast per unit reserve, and it is this that
produces, in equilibrium, a sequence of field opgsaithrough time.

The supply of the resource depends on choiceswffast to deplete existing fields
(the intensive margin) and when to open new fiélkds extensive margin). In sharp contrast
to the standard approach, the long-run equilibradthe model has price increasing at a rate
that is completely independent of the rate of eder Extensive margin choices about field
opening mean that the rate of price increase depema@haracteristics of demand (price
elasticity and growth), and characteristics ofdgbelogy and technology of supply. This is
perfectly consistent with intensive margin choitest are ‘Hotelling-like’, with depletion
rates on individual fields adjusting according tc@ growth and the rate of interest. The
combination of intensive and extensive margin eff@tso gives different supply responses

! Empirical tests have failed to find support for thetelling approach. See Chermak and Patrick (2002
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to shocks. For example, demand reduction politieBvated by climate change may bring
forward depletion of existing fields (the ‘greerrg@@ox’ noted by Sinn 2008) but will also
cause postponement of the development of new fistthat overall supply and emissions
are reduced.

The next section of the paper outlines the modelcharacterises producers’ choices
of depletion rates and field opening. In ordemtadel depletion (the intensive margin) in a
flexible yet tractable way we assume that extractiosts increase with the rate of deplefion.
Furthermore, these costs are ‘iceberg’, using apdsource itself. Both these assumptions
seem to be supported in the technical literatureibextraction (discussed in section 2.2)
which suggests that faster depletion means thatolethe resource is ultimately recoverable.
They are also convenient modelling simplificatievtsich make for a tractable
characterisation of the intensive margin and, bgnwahg aggregation over fields, facilitate
analysis of aggregate resource supply.

The extensive margin decision turns on when to sagital in order to open a new
field. This modelling approach is in contrast witluch of the literature, where additions to
stock are typically modelled as the outcome ofra@ioaous variable (exploration) that adds
to the capacity and reduces extraction costs oéxinsting field (as in Pindyck 1978,
Dasgupta and Heal 1973).Existing literature in which there are field-sgt costs includes
Hartwick et al (1986), Holland (2003), and Liversaind Uhler (1987). Hartwick et al
assume zero extraction costs, in which case ordyfiefd is operated at any time, and
Holland (2003) looks at cases where marginal elitracosts are either constant or infinite.
Livernois and Uhler (1987) look at the rate of digery of new fields with field-specific
extraction costs, characterising first order cands for the problem but doing little
subsequent analysis of the equilibrium. We are &bbo beyond these models, fully
integrating intensive and extensive margin choices.

Section 3 places the intensive and extensive matgites in the context of a
continuum of potential fields and derives aggregateply. Supply depends on both the rate
of change of price (relative to the interest ra@s)in the Hotelling model, and on the level of

price, operating through the extensive margin &ediming of field openings. Thus, a

? This is more restrictive than much of the literattin which costs are modelled as a function afeexion and
the stock of resource remaining. For example, RIkq¥978) assumes that costs are proportionaltracion
and decreasing in remaining stock. The rate ahetbn is the ratio of these variables.
* See Krautkraemer (1998) for a survey. Swierzbiaski Mendelsohn (1989) aggregate separate fields, bu
assuming no fixed costs and constant returns te ataxploration and extraction.
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permanent proportional price reduction postporad fhpening, reducing the quantity
produced in the short run, raising it in the long,rand reducing the cumulative quantity
produced at all future dates. A permanent redactidhe rate of growth of price increases
production in the short run (bringing forward deje of existing fields and, temporarily,
field opening), but has a long run negative eftectumulative quantity supplied.

Section 4 proceeds from analysing the responsepgfi to a given price path, to the
full market equilibrium with price endogenous. Thbeg run rate of change of price is
determined by the rate of growth of demand, theepeiasticity of demand, and a parameter
summarising the geology of supply; it is completelyependent of the rate of interest.
Reductions in the level or the rate of growth ahaad have the effect of reducing the
cumulative quantity supplied, even though they mayease the rate of extraction on
existing fields. This has implications for our @nstanding of climate change policy.

2. Field depletion and development:

There is a continuum of fields all of which are tamoat date 0, and are owned by price-
taking profit maximizing agents. Each field congbne unit of the resource, but cannot
produce until a field specific fixed cose™, 9> 0, has been paid, whezé' captures
technical progress in field development that hsriglace by date=T, when the cost is
paid. K varies across fields, and we will usas the index of field types, wii running to
plus infinity. The number (measure) of fields wieK is SK). *

2.1 Depletion and development

Focusing on a particular field (i.e. taking a partar value oK), output at datéis xq(2),
wherex is the stock remaining arads the rate of depletion, defined as the propoédie rate

of decline of remaining stock, so=-xz. Whilezis the rate of depletion of the field axz

is the reduction in the stockg(2) is the recovered output. The expressi(/z < 1 is the
yield curve, giving the fraction of the reductionstock that is marketable output. All current
extraction costs are subsumed in this yield cuiMee functiong(z) is increasing and concave

in zand, if strictly concave, increases in the ratdeyletion yield less than proportionate

* Assuming each field contains one unit of reseusovithout loss of generality #scan be interpreted as
capital cost per unit capacity. The total stockesfource in fields with capital castis SK).
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increases in output, perhaps as too rapid pumparg &n oil-field reduces the capacity of the
field. We give some examples and further disawssf this relationship in section 2.2.

Profit maximization in a field with fixed co$t requires that the opening dateand
subsequent time paths o&ndx are chosen to maximize the present value of grofit

(evaluated at date= O with interest rate),

Pv=el j;” p(T +7)X(7) (z(r))e " "dr - Ke (@+IT (1)

subject to
xIx=-z, andx(0) =1, x>0. (2)

The integral in (1) runs over datemeasured from when the field is opened;, sd + z,
andp(t) is the (exogenous) price at datedNe assume that, &s-»w, p(t) converges to
constant exponential growth at rate less than oalegr, as is necessary for the objective to
be bounded. We denote this limiting rate of chamfgericep,, .

The profit maximizing depletion path once the fielts been opened is given by the

Euler equation

Z=|:F—E+Z—£:|M- (3)
p (219" (2

This depends on the difference between the rat@eiest and rate of price increase, and also

on the curvature af(2), indicating the cost penalty from increasing e of depletion.

> The intuition behind Euler equation (3) for optindaipletion is as follows. Suppose that the psce i
growing at constant raté), soz =z*, and consider a perturbation at some date (sty@avhich is

an instantaneous increase in extractipoffset by a reduction in the next instant whictspthe
resource stock back on its previous pathi iff small, the value of the perturbation is

. . p . . . .
o[z +0) - o2 )]+ a2 - oxde - 9)- -2 )xa)
The first term is the value of increasing extragtnyo. Stock carried through into the next instant

changes from (1 )X, to (1 -Z* - 9)X and its value is discounted by the interest rateisthe rate
of price growth. To undo the perturbation, the mat extraction must fall t&* - J. Differentiating

. . _ . . . q+@-2)q
with respect t@ and evaluating at = 0, this expression i9,X,9| i1 | so the
r-p
perturbation has zero value if the term in squaaehets is zero, this being equation (5).
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Notice thatz can jump, while the stock variabtecannot. The stock remaining in a field that

has been open ferperiods is
X(1) = exp{— J.OT z()()d)(} : (4)

Concavity ofg(z) ensures that differential equation (3) is localigble (since - q(2)/q’(2) is

decreasing i), soz converges to stationary valge implicitly defined by
Poo 1 =2*-q2)/d(z), or Z°=¢(r=po), ¢'>0, (5)

where the functiorg(r — p,,) summarizes the long-run relationship. We discthissfurther

in section 2.2.
The profit maximizing dateT, at which to spenle’” and open the field is given by

first order condition

PV _

= -fT[—rjo"" px( 2" dr + (8 +1)Ke'™ + [ p<q(2)e'”df}:0- 6)

The intuition is that if the profile of producti@nd costs is shifted back by, then the first
term is the cost of pushing revenues further awey/second the benefit of moving costs, and

the final term is the change in revenue from #w that outputxq(z) is now valued at

pricesdT later. Rearranging, the date of openinig given by first order condition
[ (p-rolxa(2e™dr +(8+r)Ke ™ =0. @)

To see the implications of this it is easiest wklat (1) and (7) with the assumptions that
price is growing at constant rafe (taking valugy att = 0) andzis at its stationary valuz.

The integral in (1) can then be evaluated as

PP qZ)

PV = poe(i)—r)T C(Z*)J' (P 7Tr _ K (E+NT = g (6+nT 5
0 Z¥+r—-p

K}- (8)
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The first and second order conditions for choic& afe

2
a:__rv = (f)— r)PV + (6’+ fJ)Ke’(B”)T =0, a@% = _(9_,_ ﬁ)(¢9+ r)Ke—(9+r)T <0. (9)

If &+ r >0, the second order condition requires thatd> 0, and we assume this to be

satisfied. From the first order condition, an figesolution requireg > P, as already

assumed; if not it would pay to postpone entry fimitely getting the dual benefit of later
capital cost and higher present value of reverme.fl These conditions imply that the

2
higher isK the later is the field opened, sine-q; _ _9"PV/aToK

dK 0°PV /0T?

aZPV — e—(9+r)T
0ToK
differing only in capital cost per unit reservewl& fields will be opened first.

(6+p)>0 sog—l > 0. The implication is that, with a continuum of fisld

2.2 The rate of depletion: discussion

The modeling of extraction costs is drawn fromté@hnical literature on resource depletion,
particularly in the oil sector. In this literatuitee benchmark assumption is that output from a
field follows an exponential rate of decline (Ada@m1990, 1993); in our framework this
would mean constamt’ Varying the rate of depletion has a cost prinyasif its impact on
total recoverable reserves. This variation isdgjty achieved by altering the rate of water or
gas injection which pressurizes the well, andfiisots are geology dependent; Nystad (1985,
1987) categorises fields as ‘Hotelling’, ‘intermaid’, and ‘geosensitive’, in increasing order
according to loss of recoverable reserves fronefadgpletion. We capture this in
relationshipgy(z) and x = —zx. Concavity means that an increase in outgutyvolves a
greater than proportionate decrease in remaingwpyerable) reserves,

Understanding these relationships is facilitatgdvbrking with a particular

® And, with prices endogenous, competitive equiilitrwould not exist, see Holland (2003).
’ A constant rate of depletion means exponentialimeah remaining stock, and hence in output
a(2x.
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functional form that will be used in simulationsdain the paper. We suppose thé) takes

the form

o(z) = a(z—-bA)™, with parametera > 0,b > 0, andh < 1. (10)

With this specification the Euler condition (3) aidg-run value of the rate of depletion are,

z{ﬂ}[_p_m(z—b)}  ope LA B.) an
A p 1- A A

Examples are given in figure 1. Paramétgives the minimum rate of extraction below
which marketable output is zero. The key paramstewhich captures the extent to which
faster depletion leads to loss of reserves, andehalso the extent to which optimal depletion
is sensitive to price. The pure Hotelling cask #s0, (solid line in figure 1) in which the rate
of depletion is infinitely sensitive to the gapWween the rate of price increase and the rate of
interest, so continuing extraction over an intenfaime is possible only if these are equal.
At the other extreme, as— 1 withb > 0, the optimal rate of depletion is equabt@nd
completely independent of the rate of price inceeasrate of interest (the long-dashed line
has\ = 0.95). This is consistent with the work of Aaln (1990), who argues that the rate
of depletion from a particular reservoir is quiteensitive to price, and well approximated by
a constant exponential rate of decline (at batethis specification). For cases with
intermediate degrees of ‘geosensitivity’ the exticatpath is more tilted towards the present

the largerisr — p.



Figure 1. Examples of extraction costs, q(2)
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While this paper deals with supply coming from méelds, it is worth briefly
connecting with the standard model of market elgudim with a single field. If demand for

the resource is iso-elastiQ, = Dp™7e% whereD is a constant; is the price elasticity of
demand, and the exogenous rate of growth of demand, then aloagquilibrium path
output,q(2)x, must changeat ratg-np. The rate of change of supply is simplyx=-z*,

S0, using (11), the equilibrium rate of growth atp is

Ab+qg)+(@L-r

12
An+1-/ (12)

p=

This is a simple generalization of the Hotellingdeb in which the role of the interest rate
depends on parameter A = 0 this gives the pure Hotelling case, and wher0 the rate of

price increase is greater the faster the growtteafandg, the smaller the price elasticity,

and the larger the base rate of depletion,



2.3 Field development: discussion

The field owner’s objective, equation (1), was temtin terms of a field of size ongQ) = 1)
developed at co$t. Setting the size of each field at unity is amalization, and the key
measure is size per unit capital cost. Uncertaabtyut recoverable reserves in a new field
can be incorporated, providing owners are risknaand there are a large number of fields
of each type, simply by letting unity be the expeldfield size.K, the capital cost of a unit of
reserve, has empirical counterpart in the oil geatdinding and development’ (F&D) costs
per barrel, and data indicates that these are hewatgest part of the sector’s costs. F&D
costs have risen sharply in recent years, withajlakerage of $21 per barrel over the period
2006-09 (EIA 2011); they are of course field spgeand in some cases go much higher (e.g.
US F&D costs on offshore projects were $64 perédamr2006-08). These costs are several
times greater than other production costs (‘liftiogsts), running at global average of $11
per barrel (EIA 20115. Furthermore, from an economic standpoint sommetes of lifting
cost should probably be classified as F&D; for eglansome capital equipment may be
highly specific to a field but is rented by theniand counted as ‘lifting’ not F&D costs.

3. Resource supply

We now move from the decisions taken on a singld tio analysis of total supply from all
fields. Throughout this section we look at the dyppsponse to an exogenous price path,
endogenising price in section 4.

There is a continuum of fields indexed by thepita cost,K, and the measure of
fields of typeK is SK). The date of opening a field of tygeis given in equation (7), and
this gives the type of field opened at daté.e. relationshig<(T),

— eHl' ® . —r(t-T
KD=17g [(ro- Bt T)e . (13)

Notice that the rate of depletian,is a function of time, but is the same for adldis
(equation (3)). All open fields are identical afaom the scale factot giving the remaining
stock, and(t,T) denotes the stock remaining at datea field opened at date,

® Reported lifting and F&D costs both include somedkement, EIA 2011.
9



X(t, T) :exp{—.[;z()()d)(} . X(t,H) = 1. (14)

At any instant of time the total capacity thatapéned’ is KS(K) and total costs

incurred arekKS(K)K . In order to model the evolution of total supfie relationshifs(K)
needs to be specified. In some of what followsasgume that it is iso-elastic, with
S(K) =K. Parametes may be positive or negative, but we shall gengiaterpret

results takings < 0, meaning that the remaining resource stobfkite, whilec > 0 means it
is infinite® This relationship can easily be given a microrfgation. The size distribution
of oil fields is well approximated by a power lage¢ the discussion in Laherrere 2000). If

the elasticity of capital costs with respect tddisize is less than unity and greater than the
absolute value of the exponent in the power laan tie relationshiB(K) = K™ witho <

0 follows (see appendix for derivation).
We define open reserves at dati(t), as the stock remaining in fields that have been

opened by that date, i.e.
R(t) = j‘m K(T)S(K(T))x(t, T)dT. (15)

This is the integral over all previous dates ofgkeof field types that opened at each
date K (T), times the number of fields of tyje S(K(I')) , times stock remainingx(t,T). R

moves according to differential equation

R= KS(K)-zR, (16)

derived by differentiating (15) with respectttand using(t,t) = 1 andx = —zx (noting thatz
is the same on all open fields). The interpretaisostraightforward; open reserves change as
new fields are opened at raS(K) and existing ones are depleted at rate

Total output at each date is the sum of currenmtesibn from all open fields. Once
again, the fact that all open fields are identieatept for the scalar difference in the size of

stock remaining, makes this aggregation over opsdasf straightforward. Total suppl@s,

°K runs to plus infinity; the stock remaining is faiff ¢ < 0, since
o —(® wolqy —likwo .
jK S(K)dK _jR K7 dK = [K /a]K
10



is simply the yield from depletion of the stockagfen reserves,
= d2)R, 17)
and its rate of growth is

q(92, kKS(K)_ a8)

Q= a2 R

This completes characterization of the supply sidine model, given a price path
p(t). To summarize, the supply side is characterigethree variables. The firstzsthe rate
of depletion, this inducing values x(t,T) in each field. The secondKgT), the time path of
field openings, and the third Kt), the stock left in open fields this, togetherhwiite rate of
depletion, determining supphQs. z andK are forward looking decision variables that can
jump in response to a shock, althowghan only jump upwards (capital costs in field
openings are sunkR is a state variable, depending on both new figkehings and past

history.

3.1 Long run supply

To analyse the model we suppose first that priogvgrat a constant exponential rgiefor
all future dates. The rate of depletion is thenstant with valuez* = ¢(r — p), and stocks
decline exponentially(t, T) =e “"" (from (5) and (12)). The path of field openings

through time is (from equation (13) with constardwgth to evaluate the integral)

< = R PT 20 =) - [P 2D = _ R PTaz)(r - p)
(1 +6) (r +6)(z* +1 - )

(19)
This equation giveK(0) proportional to initial pricgo, and the rate of growth &f equal to
the constanK = p+6.

While constant future growth of prices impliesttha z* is constant andk grows at a

constant rate, the behaviour®tlepends on the history of past field opening aedatal
11



capacity of fields of each typg§K), as given by equation (15). 8K) is iso-elastic,
S(K) =K°™, as discussed above, then the differential equégioopen reserves, (16)

becomes

R=KK?"-2z*R. (20)

which, withz* and K constant, has explicit solution,

K? KK °
r=_"K A+e'2*{RO— 0 } (21)

z* +oK z* +012

whereKy andR, are the values df andR at date zero. The effect of these initial valuessy

to zero withe ", soR converges asymptotically to value given By K7 = K /(z* +0|2).
The long run rate of change open reserves is e & = oK = g(p+6) so, withc <0,

open reserves decline exponentially. FurthermeineeQ. = oz )R, output is declining at

the same rate. We summarize these propertiedlas$o

Proposition 1:

If price is growing at constant rafeat all future dates angl+ 6 > 0,r > p, then:
i) z the rate of depletion of each field is constant] is faster the larger fs— p
(equation 5).
i) K, the sunk cost per unit reserve incurred on fielgsned at each date, is
proportional topy and increasing at rake = p + @ (equation 19).
If, additionally, the number of fields of typeis K) = K°*, with ¢ < 0 (corresponding to
a finite stock of the resource) then:

iii) The rate of growth of open reserves and qffgy converge asymptotically to
Qs=R=0(p+6) <0.
iv) On the long run (asymptotic) growth path vauwER andQ are given by
K?(p+86)

:m. Qs =q(z)R. (22)

12



Proposition 1 makes clear the different behaviduhe intensive and extensive margin. The
intensive margin (the rate of depletion) depend¢herrate of change of the price, not the
price level, in the usual Hotelling manner. Théeesive margin, the date at which new
fields are opened, depends on the level of thepas well as its rate of change. So too do
open reserves and the level of output at each Gatmparative dynamics across asymptotic
growth paths indicates that a higher initial prigg,is associated with more fields having
been opened at each date (higkeequation 19) and, & < 0, lower open reserves and
supply of output at each date (equation 22). Thgtion is that a higher level of prices
means that more fields have been opened and (pgrtiapleted so current output is lower.
More interesting — and more insightful — than tegnaptotic behaviour of supply is

the response of supply to unanticipated permarteanges irppand inp to which we now

turn. To investigate this we suppose that the eaonis initially on the long run path
described above, this determining valueg, ¢f, R andQs as given in proposition 1. How

does supply respond to unanticipated changgamd inp occurring at daté= 0? z andK

are choice variables which can jump (the lattewanals only). The motion @&, the stock of
open reserves, is given by (20); it cannot jumgpehdently, although a jump khat date
zero will cause a discrete change in the stockpehaeserves.

3.2 Price level changes.

Suppose that an unanticipated upwards junypancurs at date 0 and lifts the price path by
the same proportion at all future dates. Sinceitha price level (not growth) effect it his has
no effect on the rate of depletion (intensive nm@argigquations (3), (5)), in which price enters
only in the form of future price growth; in a pufetelling model this change would have no
effect whatsoever on supply. However, an incréapg affects the extensive margin through
the timing of field openings, causing an equi-pmijonate increase i as given by equation
(19). This is illustrated in the top left panelfgfure 2a below, for a jump of 20% in the price
level (parameter values are in the appendix). fdrezontal axis is time and the vertical is
In(K). The solid line is the path without the priceange, and the dashed is with the change.
There is an upwards shift but no change in theesylpent rate of growth d.

An upwards jump ik means that a discrete number of new fields areexpas the

shock occurs but, B < 0, fewer fields are opened at every date thexedfThe number of

13



fields opened iskS(K) = KK?, and whileK is constank’ has fallen). This jump and

subsequently lower rate of field opening works tigio into the stock of open reserves and

hence output through equations (20) and (Rjimps and then converges asymptotically to
R/K? =K /(z* +a|2); the right hand side of this expression is unckdngut sinc&”’ is

lower, so too iR, giving the path illustrated on the top right plaofefigure 2a.

The corresponding path of output is in the lowérpanel, proportional to the path of
open reserves since the rate of depletion is cohsta permanent proportional price increase
therefore elicits a positive short to medium rup@y response which turns negative as fewer
new fields are being opened. The elasticity ofrgstyptic supply with respect to the price
level isc, as can be seen by noting tKais proportional to the price level (equation (19))
while asymptotidR andQs are proportional t&° (equation (22)). While the short run price
elasticity of supply is positive, the long run slypelasticity is therefore negative @f< 0).

The short and long run supply responses can beiocechby looking at the change in supply
cumulated from the date of the shock; this is thated in the final panel of figure 2a,
expressed as a proportion of cumulated output emnitial path. An increase in price causes
a permanent increase in cumulative output, althdhglproportionate increase goes
asymptotically to zero.

A downwards price jump (-20% all dates) is illustihon figure 2b, and is not
completely symmetric to a price increase becausetis no possibility of field closure. The
shift in K (top left panel) is therefore a horizontal shafad there is a period in which no new
fields are opened. During this period open resefak, as does output. Once field openings
resume output and open reserves recover, comilg above what they otherwise would
have been, mirroring the long run effects of agiicrease. The price decrease reduces
cumulative output at all dates. We summarize tledfsets in proposition 2.

Proposition 2:

A permanent proportionate change in the pripecénstant and unchanged) has no effect
on the rate of depletion or the long run rate afngh of supply. A price increase brings
forward the opening of fields. Supply increasef®teeeventually falling below what it
otherwise would have been (with long run price ety of supply ofc). Cumulative

supply is increased at all dates. A price decrbasaeverse effects, leading to a reduction
in cumulative supply at all dates.
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Figure 2a: Price increase
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Figure 2b: Price decrease
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3.3 Price growth:

We now turn from a change in the level of pricatchange in its rate of growth. At the
intensive margin, a permanent increase in pricevtfrecauses an immediate and permanent
fall in the rate of depletiorz, (equation (5)). Intensive margin effects on otvemiables are
illustrated by the short-dashes in figure 3a, aareséd with the decrease zibut holding the
time path oK unchanged; solid lines are the original path@w8t depletion means less
supply from a given quantity of open reserves botenopen reserves at all future dates, so a
short run reduction in supply is followed by higlseipply in future, the Hotelling-like
response that would be expected. Cumulative ougpeduced for a period but then
becomes larger than it otherwise would have B8en.

The extensive margin now operates in a similar reatmthe intensive as higher

future prices creates an incentive to postpond figlening. Field opening is reduced (or
ceases altogether) for a period, and then resuteetaater rate, sinck = p+68. The
tension between these forces can be seen by ugiragien (5),z* +r —p=q4 )/ d(z9), in

equation (19) to give

_ PP a(z)(r - B) _ poe” P [ 2) ~ 2* (2]

=g w-p) (r+6) )
and differentiating with respect fogiving
dK(T) _ pe@PT _ e 076
- 0D {{qz*) 2 d(2)T -2 d'(2). Ob] (24)

This expression is negative for smi{sinceq’< 0 and dz*/ & < 0) and positive for large
T, when the first term in the square brackets caime®minate. There is therefore a period
in which field openings are reduced (or cease attogy), following which more fields are
opened at each date and the new path overtakeddthe

'° This long run increase is because slower depletses up less of the resource in extraction costs.

16



This is illustrated in the top left panel of figuda. Faster price growth increases the
value of opening fields in the future, causing apgrio pause for a period but then to
continue more rapidly giving the crossing identfia equation (24). The long-dashes in the
top right and bottom left hand panels give pathR ahdQs when both intensive and
extensive margin effects operate. The pause id 6pening causes a decline in open reserves
and larger initial fall in output. But followindné pause, faster field opening eventually leads
to higher open reserves, higher output, and aipesffect on cumulative supply. The
effect of the extensive margin change is therefor@mplify intensive margin changes, as
seen most clearly for the bottom right hand pagiglng the cumulative supply response.

Figure 3b gives the effects of a permanent redadtidhe rate of growth of price.

This increases the rate of depletion and bringsdad field opening, giving thK crossing

that we noted above (top left hand panel). Therigigt and bottom left panels give the paths
of RandQs, once again giving initial path (solid), intensivargin only K constant, short
dash) and full adjustment (long dash). Fasteradepl alone (short dash) gives a fall in open
reserves at all dates, associated with higher ourtghe short run and lower output in the
long run. Combining this with the change in fieloenings (long dash), the effect is
magnified with a larger output increase in the sham, but a sharper fall in the long run.
Cumulative output is raised for a short period, theh permanently reduced as lower prices
have a major impact in reducing field openings t@rotleft panel). We summarize results in
proposition 3:

Proposition 3:

A permanent increase in the rate of growth of ptiite production to the future.

Depletion of existing fields is slowed down, andpomg of new fields postponed. Supply
is reduced for a period, after which it overtakegrevious level. The converse holds for
a permanent decrease in the rate of price growth.

17



Figure 3a: Faster price growth
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4. Market equilibrium:
We now go from looking at the response of supplgrtoe, to the full market equilibrium

with price endogenous. The demand curve is asstonealve constant price elasticify O,
exogenous rate of growth) and level paramet®,

Q, =Dp~e* ,s0  Q, =g -/p. (25)
The equilibrium price path comes from equat@gto Qs.

4.1 Constant growth.

Section 3 established that if price is growing abastant rate the long run rate of growth of
supply is constant e@s =o(p+6) (proposition 1). Equating this with the rate ob\gth of

demand, the equilibrium rate of growth of price is

g-o06
n+o

b= (26)

Recalling thab is the (asymptotic) price elasticity of supplyistexpression links a demand
shift (demand growtly) to price change via elasticities of supply anthded in the usual
way. In the present context, a number of poinésnateworthy.

First, in contrast to the standard Hotelling aggtg the equilibrium rate of price
increase is independent of the rate of interebe Model gives a Hotelling-like result
(equation (12)) if the extensive margin is compiefexed (no new fields open, and supply
response comes only from altering depletion oftengdields). However, once the extensive
margin is included in the supply response the lamgrate of growth of price depends on
demand and supply elasticities in a familiar wayd aot at all on the interest rate.

Second, the necessary condition for our charaetion of the date of field opening to

be a profit maximum is thap + 8 > 0 (section 2.1). Withp given endogenously by (26),

this condition could fail for two distinct reason®ne is thag is substantially negative (with
19



denominator of (26) positive) in which case demanfalling too fast to support the positive
price growth necessary to induce delay in fieldropg'* The other is tha + o < 0 (with
numerator of (26) positive). This could arise & 0 in which case, as already noted, the
long runprice elasticity of supply is negative. We impdise condition thaty + g > 0,
failing which the second order condition for fi@dening is not satisfied.

Equilibrium values of other variables in the syst®llow directly from the price
growth given by (26) together with proposition The long run rates of growth of open

fields, open reserves, and output are

K:Lﬂg, é:ézm_ (27)
n+o n+o

The initial price equates supply and demand sogu@i9) and (22) in (25), satisfies

b= o (P*0)d2) [ o«2)(r - P) T’. 29

z*+0(p+6) | (r +6)(z* +r - p)
The following proposition summarizes these propsrtf the long run equilibrium.

Proposition 4:
On the long run (asymptotic) path the rate of gtowtftprice is independent of the rate of
interest, and given by = (g -08)/(7+0). The elasticity of the equilibrium price with
respect to the level of demandiif; + o). On this path the rate of depletion is constant,

and output is declining at ra(g +76)/(7 + ).

This describes the long run equilibrium path batbafore, it is more interesting to
investigate responses to exogenous changes. Wdilsibat shocks to the level of demand,

and then to its rate of growth.

1A high value o, the rate of technical change Knsupports postponement of field opening.
20



4.2 Proportional change in demand:

Consider a change in the level of demand at aigjate. a shift ilD. We know from the
preceding sub-section that there is no effect ag late rates of growth @f Qs, R or onz,
although there is a change in the price levehéfé were no extensive margin effects (the
path ofK held constant) then there would be no short-rieces either; all quantities would
be unaffected and the demand change would be dhvttelly to the price level. However,
the extensive margin is sensitive to the levelrafgs, as well as their rate of change; a
change in the price level changes the timing ddl fa@ening, this changing supply and
inducing a transitional dynamic response.

Figure 4 illustrates the effect of a permanent ease in demand(falling to 75% of
its previous value), with all variables now expezsselative to the initial constant growth
path. The top right hand panel gives the pricé.pdthe short dashed line gives the price
path in the absence of extensive margin effeatsteaoff drop to 0.866 = 0.75 of its

previous value. Including extensive margin effettie long dashed line indicates a larger

ultimate price drop, asymptoting to 0.687579) of its previous value. The dynamics
associated with this take the following form. Tées an immediate cessation of field
opening (top left), so a period in which supplyess than it otherwise would have been
(below unity, bottom left). This mitigates theqwifall (top right). Postponement of field
openings means that, beyond some date, supply lescgreater than it otherwise would
have been and price correspondingly lower. Howes@nbining effects, cumulative supply
is lower at all dates.

The main message concerns the equilibrium pathmdlg, particularly cumulative
supply. Without the extensive margin, a demandagbavould have no effect whatsoever on
output. With the extensive margin operating, aiotidn in demand cuts supply in the short
run, raises it in the long run, and has a negatygct on cumulative quantity supplied at all

dates.
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4.3 Change in rate of growth of demand:

A permanent change in demand growth affects bathathg run growth of variables and
transitional dynamics. Long run growth rates caridund explicitly (appendix table 1) and
the full dynamic story is illustrated in figure oy a reduction in demand growth.

Inter-temporal substitution creates an incentovehtift both depletion and field
opening from the future to the present, but thisoisibined with a price level effect that
deters field opening. If adjustment were to tpleee only at the intensive margin, then the
path of supply would be unambiguously tilted tovgatige present (short dashes). Price
growth is slower, and the increase in present supplds to an immediate fall in price. The
extensive margin of field opening responds botthi® fall in the price level, and to the slow
future growth of prices. There is unambiguousonar growth oK, but the impact effect is
ambiguous: lower price induces postponement (&gume 2b) and lower price growth
induces opening (as in figure 3b). These effeetont to close to zero in our example
(figure 5, top left panel).

Combining these elements gives the U-shaped pathtptit (bottom left). In the
short run, the faster extraction of open fields dates, this giving the supply increase. In
the medium run supply is lower because open fietde been depleted faster and because
fewer new fields have been opened. In the longsupply turns up, because the higK)
field types, opening of which was postponed, amaing on stream. Looking at cumulative
supply, we see that adding the extensive margecefhitigates the shift in supply towards
the present; cumulative supply is raised for atgngreriod, beyond which it is associated

with larger reductions in cumulative output and cletive stock of resource extracted.
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Figure 4: Decrease in demand: relative to constargrowth path
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Figure 5: Slower growth of demand: relative to costant growth path
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5. Carbon taxation with endogenous field opening:

The equilibrium impact of climate change measuteh s a carbon tax depend on both the
demand and supply responses of fossil fuel. Mdd¢heoclimate change literature has
concentrated on demand reduction, while Sinn (20@8)used a simple model of resource
depletion to argue that supply conditions may eeagreen paradox’; carbon taxes or other
measures to reduce demand might be ineffectivié thiey are expected to become more
severe in future, have perverse effects, bringamg/érds extraction from the far future to the
nearer future. How does this work when both extenand intensive margin effects are
present?

Policy measures that lead to permanent proporog@tmand reduction cause an
immediate and continuing reduction in the cumutatuantity of the resource supplied
(section 4.2), as the lower price delays field apgmand postpones production. This is in
contrast to the case when the extensive margictaffeabsent, in which policy has no effect
on quantities produced. Policy measures that etherate of growth of demand (section
4.3) bring forward extraction from existing fieldhjs raising current output. This is offset
by the price level effect which postpones fieldwipg. Output therefore falls faster, and the
cumulative output increase is smaller, and positivex shorter period of time, when the
extensive margin effect is present.

Demand shifts could be implemented by a tax onuesouse, such as an emissions
tax. For a proportionate decrease in demand tbiddwequire a constant ad valorem tax
(demand iso-elastic) while, if the rate of growfrdemand is to be reduced, the tax rate
would need to increase exponentially. Figure &é$oat an alternative case in which an
emissions tax is imposed at date 0 and then heistant in perpetuity, (therefore declining
relative to the resource price). As before, slklathed lines give the effect when only the
intensive margin operates. The producer price tallsmpact, but then converges back to its
previous level (as the relative value of the tamidishes). This reduces the rate of
extraction, giving the short run fall in supplyltohed by long run increase. However, when
the extensive margin operates (long dashes) thraupeo price fall leads to a period in which
no new fields are opened, and hence a much laajen fsupply. As usual, this is a
postponement of field opening, so supply risesutnre. Once again, the key point is that the
price level effect of demand reduction policy pastes field openings and thereby has a
negative impact on supply in the near future.
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Figure 6: Constant specific resource tax: relatig to constant growth path
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6. Concluding comments

The paper has developed a model of the supplynoharenewable resource in which the
empirically compelling fact that large sunk costs associated with the development of new
mines or fields is put centre stage. The modebempasses both depletion of existing fields
and the development of new fields, thereby progdirmodest step towards greater reality.
New insights come from the approach. The mostduomehtal is that while the rate of
interest may matter for depletion rates and shorttransitional dynamics, it has no impact
on the long run behaviour of resource prices; lamgprice growth depends on demand and
underlying supply considerations (the geology dikable fields). The approach also
provides perspective on some ‘paradoxes’ that lgauged recent attention. For example,
emissions taxes may tend to bring forward depletioexisting resources, but they also
discourage the development of new fields, so &sdlito have to the desired effect of
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pushing production into the future, reducing curtivéaoutput and any associated stock of
emissions.

The approach suggests a number of extensionspgidations. For example, we
have assumed throughout that future price pathkraven with certainty and that owners of
fields will postpone opening until the date at whibe present value of the field is
maximized. Allowing price uncertainty and placitig field opening decision in a stochastic
context is clearly important. Lags in openingd&lill introduce a more complex dynamic
response to shocks. The development of substifutaesdes a further supply margin. On the
applied side, the model provides a relatively xbtg framework for thinking about a number
of practical and policy issues. The paper disaissene of the issues to do with fossil fuel
supply and climate change. The model also provadeamework for analysis of rent taxes
(royalties, production sharing arrangements angarate income taxes) which have to

balance the need to capture rent with incentivefidtd development
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Appendix:

In the text field size is normalized at unity, fislvary in capital cosd{, with the number of
fields of typeK denotedSK). This can be derived from the following alteiaatset up.
Suppose that fields are ordered by s&z&ith m(s) fields of sizes, m" < 0. m(s) is follows a
power law, sam(s) =", o < 0. The total capacity of fields of sigés sm(s) =s'™. The

capital cost of a field of sizeis k(s), and we suppodds) =s‘, 0 <k < 1, S0 costs are
increasing and strictly concave in field size; tagital cost of one unit of capacity on a field
of sizesis s, i.e.K =s°%.  Since the capacity associated with fields pé sis S=s"**, we
have, eliminating, K) = K @D Thusg - 1 = (14a)/(x-1) and hence = (k +a)/(k-1),

which is negative ik < 1 andk +a > 0.

Appendix:

Parameter values, figures 2, 3, and 4:

r =0.02;g=0.005n=2; 0 =-1.25;a=0.1;b = 0.005; A= 0.5.

Long run equilibriump = 0067 (exogenous in figures 2 and 3).

Figure 2: initial pricepo raised by 20%, reduced by 20%.

Figure 3: pdoubled to 0.01, halved to 0.0025

Figure 4. demand), cut by 25%

Figure 5: growth ratg halved to 0.0025

Figure 6: Constant specific tax at 30% of inipalce (eg carbon price $50, oil price $70,
0.43 tonnes of Coper barrel of oil).

Table 1:Asymptotic growth rates for a reduction inthe rate of growth of demandgy < g,

Initial, g New, gn New, gy
Intensive margin only Intensive & extensive margin
5 9, +7¢ - 9, +70 S gy +176 0
< (7+0) (n+0) (n+0)
S alg+nd)  _ olg+nd) . olow+ne)
° (7+0) (n+0) (n+0)
éD 9 —1p = On -np < On -np < 0
D 9 -0 _ gv-ob+o(Gv-9)/n =99 .
n+o n+o n+o
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