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Katural Resources, Goods, Bads and Alrernative
Institutional Frameworks

Gordon €. Rausser and Harvey E. Lapan
Froblems of determwining optimsl intertemporal use patterns for

exhaustible and/or renewable natural resources can and have been snalyzed

in a number of settings. Much of this nnaiysis began with the geminal work
of Hotelling [20]. This rork has been éxtended by BGordon [16] Scntt {31],
Crutchfield and Zellnar {93, Tbrvey iélj Smith I351 Quirk ;nﬁ Smith [26]
dn the cnntex: of fisheries; by ﬂerbindahl 119] “Gordon [17], Seott 132},
Cummings and Burt [10] in the sontext of udnes, by Davidson i13] in the con-
text of petroleum; by Brown and McGuire IS} ;nﬁ Burt {6] ia the nantaxt nf
grounéwater, hy Plourde {27}, vousdan [&2] Basgupta and Eeai {1233 Seiaw
[36,37), and Weinstein and Zeckhauser [44] in the context of exhaustible mat-
ural resources; by Anderson [1], and Stiglirz {38] in the context or macro-
economic growth and exhaustible resources; by Vousden [43] in the context

of international trade and exhaustible resources; and by Smith [34}, Burt

ami ﬂtsmmgs [?} and aausaer 1231 fm ::he contgxt ﬁf msoarne pmauc‘tian ;iang

t&ahnwlegy, ulong vith substitution among different 1nputs allow the ecoaomic
resource base to expand. The stock of resocurces itself is not limited in
either size of composition, with the result that per capita well being is
in principal capable of continuous improvewent. Solow's view of these issues
is nicely summarized by a statement appearing in his Ely lecture [37, p. 11}:
“If it is easy to substitute other factors for matural
resources, then there is in principal mo *problem’. The

sorld can in effect get along without matural resources,




so exhaustion is just an event, not a castastrophy.”

The above observations and many of the conclusions derived from
the recent conceptual work on natural resources is based on conventional
neoclassical formulations with the namés of the inputs altered. Many of
these conceptual treatments restrict natural resourres to only those goods
which exchange on primary commodity markets and thus neglect the role of
enviroomental common prﬂperty resources. In an,empiricai cﬁntaxt, this
is mot surprisiﬁg since market traasactinﬁs on the utilizatiaa af common
property resources are nonobservable, For this reason the whole range ﬁf
common property resources has been omitted from our system of accounts.
Nevgrthél§§ﬁ¢ to adgquatgiy;examiﬁgiimpqrtaut gqiiey;i§sbgs,'copceptgéi‘fﬁif
mulétions must explicitly ;&mit natural resourcésﬂés ariginai endowments
which comprise the basic 1ife support system.

For analytical purposes, many common property resources must be
analyzed as though they were depleteable, or renewable but with maximum

capacities. As d’Arge and Kggikﬁ {11, p. 68] point out, .

environmental managsment invalveS‘a ' éaajuncﬁive use‘ type

of allocation problem where one must consider rates of ex-
traction and rates of waste generation, Thus, the 'pure'
mining problem must be coupled with the "pure' pollution prob-
lem and gquestions like these become relevant which should be
run out of first, air to breathe or fossil fuels to pollute

the air we breathe?"




In the above context, the purpose of this paper is to extend and
modify the neoclassical paradigm to adequately account for the unique fea-
tures of natural resocurces. These unigue features relate to the common
property nature of resources, pollution and associated extermalities, en-
virommental degradation, techmolegical progress, and the possibility of
maximum resource capacities. This extension of the conventional necclassi-
cal paradigm can be most easily accomplished in the context of goint product
goods and bads of productive iaputs, These products are significant in the
context of natural resources and admit a number of interesting éangeﬁtug;:
issues, These conceptual Issues should be brought front and center in tﬁe
examination of alternative institutional fmam@w&zgg and palic@as,

Té bﬁiﬁﬂré, once & ﬁétarai te%éﬁ%ce h&sﬁﬁeﬁn éﬁtréckaﬁiitii5~
typically used as an input in the production of final goods. Most existing
conteptual formulations either neglect this fact or reflect it by treating
the natural resource as a factor {usually the only factor) in the production

of some desired output. However, most natural resources have the character~

'nut?ats, but as well undesired bypxoducts. ‘The lﬁ%uexvyreéants'¥eﬁakt in
externalitias which may be chaxacterized as "bads". For &xample, once f0$$11
fuels are extracted and employed in the preoduction process they prodnce de-
sired ocutputs along with smoke. Similar sorts of goods and bads result from
the employment of minerals, water, and in some instances even fish. This
joint input characteristic of matural resocurces results iIn multiple products
in the final goods sector, some subset of which leads to degradation of envir-

onmental rescurces. This degradation process Imposes an extermal cost to




society in terms of the finite capacity of environmental resources and thus
should be explicitly recognized., Unfortunately, these characteristics of

the joint input properties of natural resources seem to have escaped existing
paradigms.

Society's attempt to internalize the above external cost on the
final goods sector has led to the emergence of a new industry, the pollution
abatement industry. This Industry Ia:;sfn employs natural resources as factors
in the produétion of emission and ﬂéstézﬁyproéucﬁ(gﬁﬁgﬁﬁiFdeviCE&a As yet,
in this iﬁ&ﬁstry, little in the way of t@@hﬁi@él,gxngﬁegs'has been achieved
(Cohen, et al [8]). Nevertheless, t%is industry cannot be treated in isola-
tion or as a predetermined Cﬂmpauent in the analysis of the interrelat;onghips
between the natursl resourae, $inal goods ‘and ﬁaviraﬁmental sectors,

A conceptual framework must be sufficlently general to encompass
most natural resources, problems of stock and flow dynamics for both renewable
and exhaustable resources, soclal centrol or regulation, public investment,

and the importance of property rights arising under various institutional ar-

.“naced_shoulé

ment subsidxes, and poliutiqn taxes, Sﬂme of the zelevant policy questians
include: are both taxes and subsidies needed? Under what conditions are the
taxes and/or subsidies unique? What is the relationship between resource user
charges and technological advancement? If pollution emissions camnot be ade-
quately measured, does this influence the user charge and/or abatement sub-
sidy level? For a public agency setting user charges, pollution taxas,Ntech—
nological, and/or abatement subsidies are the 1imits imposed by en-

dogenous budgets? Under what conditions on endogenous policy budgets are only

gsecond best solutiens possible,




2, Model

The economy envisaged consists of three principal sectors. In the
first sector (N} production and investment take place to exploit available
stocks of natural resources. The second and third sectors pertain to the
production of final goods along with bads (Q) and pollution abatement goods
(C), respectively.

2.1. HNatural Resources Sector. The amount of resource stocks

available duering peried t will be &enotediﬁy'XtQ Associated with Xﬁ is

‘a rate of vesource wutilization, production, or extractiou at time t, u

t
This rate is constrained by some fumction of X £ the level of capitai stock

Y employed to exploit the natural reseurce, and thﬁ level of kncwledge
Etacks or accuinplated technical progress (ﬂ ¥ Speﬁificaily@

13
er W)

(2.1) v, < XX, ¥
where ﬁu{') is concave. The relationships Eu{*} is such that larger resource,
capital, and knowledge stocks allow larger rates of production, i.e., 3ﬁu13Xt,
aﬁ”fsyt, aﬁpfawz > ﬁ,' As the stock of knqw}&dge’ﬁzais increased, ;ha?gffi-
ciénhy*%i%h wﬁiéh’séyﬂmina§éis are’egtxaﬁaéé, gég,isfpkaéuﬁéd; q?(gﬁuﬁﬁéw -
xwéﬁer is utilized, is improved. ‘ A ;

Once u, is produced it -may be alloeated to eithex?thé—@-ar~c sSep~

tars.1 Define ug as the amount of natural resource allocated to the § sec~
tor and ug as the amount of natural resource allocated to the € sector.

The sum of these two amounts is constrained by U, j.e.,

{2.2) ul 4+ uf <y

L t— 't




To complete the representation for this sector, the generation of

u el
the stocks Xt’ Yt’ and Ht must be specified. These stocks are presumed, at

beginning of any period t+l, to be obtained from

(2.3) X4y S ¥, + G, X))
; u
(2.4) Xpg S Y, *+ D (u, v, ¥
u u u, u
(2.5) Wog SW. + L%, W)

where each of the functions G{-)}, Du('J, and Lu{-) are concave, The
variable vtVdegqtes gross investment to the éxt;agtian(ggpitai stock.

The function G(*) obviously represents the net additiens to natural
resource stock during period t; ite assumed properti;s are BG{BXtig_O and
BG/Bthg . For the case,ofne§?§usti§;& naturgl regqurces and no new Qis”
€overies acjéxﬁ = {, éhgla ééx #ﬁnewégie‘5atun$1.ré§o&rnes ég{&ﬁt > 0, :fhe
depreciation function D"(*) measures the net changes in extraction of capital
stocks. This relationship is a noninereasing function of capital stocks and
an increasing function of gross investment, i.e., QDufavt > 0, and 3ﬁ“faxt < 0.

in ﬁn(‘) reflects the consumption of

The presence of the additienal wvariable u,

capital resulting from eurrent production, i.e., ap"/3u < 0. Finally,

gvolvement of technical ggc;’gmsié (25),Bsoc1ate&uith ‘aliowable resource }#59‘-
duction (2.1} is staﬁ;d-iavﬁerﬁsﬁaf the'nét ie&ra@ﬁg,iunatién ﬁu(ut, wﬁ). _;%is Lo
function is a ganeralization of the usuai prcgress fénctionvfound in the learniug
by doing literature (01[24], Rosen [30]). More specifically, the learning
function includes as its arguments not only the rate of production but also

the stock of knowledge. It is assumed that aL“/aw: < 0 and that learning is a

positive function of resource production, i.e., Bﬁﬁiaut > 0.




2.2 Final Goods Sector. The quantity, ug, produced in the N sec~

tor is employed as an input in the production of salable outputs. The g
secter employs this input along with labor (rE) to produce not only fimal
consumption goods (qt) but alsc the investment goods {vt} purchased by the

N sector. This transformation process will be represented by

9., .g q
. <
{2.6) vt«+ 9, H (ut, T ct)

where c, denotes gross investment in pollution abatement capi;al. The latter
variable is incorporated in Hq(°) to reflect the éiffiﬁﬁlt Bﬁ}ﬁstmﬁﬁts in
production of salable outputs resulting from the introduction of new abate-~
ment capital. Folléwing Lucas {éBj énd Treadway ﬁ&ﬂé, the effect of this
investment on the production of salable outputs is n&gatiﬁgggiwa-,Vaﬁqfﬁﬂt < Q.
As usual, of:course, fhe iéputs have p&sitivé Efféété,°i:é;;néﬁqf3;§ 5 0
BEQ/BIE > 0.

The utilization of uE in this sector alse results in productien

of by-products which have adverse effects on environmental quality. In other

words, uz has the characteristics of a joint input which, in part, is respon-

AR

sibie<fﬁx tHe p?éﬁﬁ;ﬁi@ﬁ,@f‘gﬂ@ﬁszgﬁy,#%}#ﬁé% iﬁi?gxk, regponsibie_for the

AT
ST

“:géggﬁgctioa_qf bads. The ?agtex@fé@eﬁsﬁf degradate the environment, a
ﬁﬁaééﬁé which is represented by ‘ : E
_ 2,9 g W 2
2.7 Zegp 22, +E(ul, R, W, 20,
where
- , <
(2.8) K . XK +0%e,, K)

and

: . " z z
(2.9 Wy < w*: + 1%, WD) .




The functions Hz('), DS(*) and L%(*) are presumed concave with properties
aﬁzjéug > 0, %z/az{t <0, aﬁz!awi <0, 3Hz!32t <0, aﬁ"mct > 0, BDCIBKt <0,
3Lz/’€ict > 0, and aszawi <0,

The function EZ(*) represents the net flow of pollutien from the
final goods sector; the first three arpuments contribute to the rate of
externality output while the fourrh argument reflects the rate of environmental
assimilation. This relationship depends upon climatic conditions, geography,
and chemical reactibnﬁ ~ As noted in Tietenbaxg [39], the relationship should
summarize the principal phases of psiluﬁian dispersion, namely traﬂ&paxt,
diliution, depletlen, and rﬁaction;z This funetion im cenjuBCtinn with {2,5}
implies a production structure for the final goods sector in which the
transformation between any salable'outpgt and the pol;ution externality is
represented by a single point. That ié, given fixed.aﬁéunts of all inputs,
the amounts of salable and externality outputs cannot be varied.3

Equation (2.8) describes the stock of pollutlon abatement capital
available to the final goods sector. The depreciation function D°(*) has

the same basic nharacteristics as DV(+} in the resource sector. In the

the investment agﬁ;epexation’@f emissign_coﬁtrol-devicaS‘(éﬁ}' This
physical learning process can be transferred into cost reductions of

controlling emissions due to increased investments in pollution abatement

capital.

2.3 Pollution Abatement Goods Sector. To simplify the analysis,

the amount of natural rescurce employed in this sector us will be presumed

t

to contribute only to the production of €, but not the degradation of environ-

mental quality.4 This specification involves little loss in generality and



its relaxation overly complicates the analysis. In anv event, this sector

will be characterized by

c, ¢ £ ,C
(2.10) c, SH (), T, W)
where
€ .
(2,11) Weig £ w + L%(c Cps nt)

and both functions EC('} and Lc(-) are assumed concave. The bound on the
production af"pt has the usual properties of a ﬁxﬁﬁﬁﬁtion“fﬁnction,'%;é}5
8H°/3u] > 0, -aa"f,far? >0, and aﬁf‘z‘f%;;:s@ > 0. Equation (2. 1) has the basic
properties of equations 2. 5) and {2 9), i.e., the learning is a pcsitive
function of ctiaLCJQCt‘> 0) and a nonincreasing function of yeriéusly
aetﬁhﬁl&t@df%ﬁoulaige (%L638?§:§{§). ) )

The presence of W: in Hc('} implies that as learning experience

associated with manufacturing of pollution abatement eguipment increases,

the allowable rate of producing c, is augmented. Hence, the principal
distinction between the processes (2,9) and (2.11) is that the former per-

tains to learning resulting §zbi;z tfhe ogera;?;iqh while the latter pertains

Labor empleyed in$b -h tha Q and c

‘_i”n C@mpanent.

This

population (rt) will be treated exogenously, In other words,

(2.12) r > rz + £

2.5 Additional Constraints. Any optimal program in the above

economy must, of course, satisfy equations (2.1) through (2.12). These

equations represent constrainte to any societal optimization problem where
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c z

the stock values Xt’ Yt’ Zt, Kt’ wt, wt, and W: may be viewed as state vari-
ables, and the fiow values ug, ui, U, vt, rg, ri, Qs and e, may be viewed

as contrel or decision wvariables, TIn addition to these comstraints, all

contrel and state variables are restricted to nonnegative values. That is,

ol
(2.13) ud, ug, u, v, TS, Ty, G, €, 20
y #C Al >
Xt’ Yt, Zt, Kt, ﬁt, ﬁt, it #_9

for all t. Furthermore, the selection of the optimal path 1ig:constrained
by imitial conditions on each of the state wvariables, i.e.

(2.14) 2 =%y =%, 2 =3, ﬁewif‘;, DERISESER SRS

2.6 Societal Criterijon Function. To complete the specification

of the (centraifZed} cygimizafidh prdhiem;fwé'rgquire & measure of sqgietal
welfare by which alternative time paths of the state and control variables
may be evaluated. Such a function is presumed to exist for a planning
horizon of length T. 1In general form, this function is also assumed
stationary, additive, and concave over each period of the specified planning
horizon. It is designated as U(qt, z } for each period t to reflect the
value society places on the consumption of genﬁs (gt) and hads {Z ). The
three sectors N, Q, and C emerge to faciiitate thﬁse a@cietal valnest A
centralized organization is presumed to exist which desires to maximize the
present value of societal values over the interval [0, T]; For the case in
which the planning horizon is finite, i.e., T < ®, a concave value function,
?(XT, YT’ YT, ZT’ ﬁ&, W&, H;}, assoriated with the terminal levels of the

stock variables will be specified so as to establish some continuity with

future pericds beyond T.
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2,7 ZRecessary Centralized Conditions. Suvmmarizing the above dis~

cussion more formally, the postulated centralized optimization problem may

be stated as

T~1
: , t T o B E

subject to (2.1) through (2.15) where the variables of optimization are

c .
2, Ul Ups Vo, ri, Qs Cp» t =0, 1,.¢.? T - 1 and XT, Yt’ Z

wz, t =1, ... T: T is assumed finite;'ﬁgx'dEnotes the maximum operator; and

c
u R gt,‘wt, Wz

t t’
B=1/(L +# 1), 1 be%ng ﬁhg appropriate ?osiﬁive éiscaunt rate.

Assuming fhﬁ‘ﬁgﬂal limiting and continiity properties for the
functions (2.1) through (2.15), the above optimization problem can be treated
within 2 Kuhn-Tucker anaiytgcai,framewegk! Fgr(ﬁhis-§raméWO§k, thexﬁeléf
vant Lagrangian function () and necessary coﬁditiansAaré represented in the
Ap?endix.s As these relationships indicate the decision process corre-
sponds to a Markovian éepan&ence>structure, i.e., given levels of the
stock variables, the optimal levels of control variables in period are
independent of the gonxroi variables in,ghe previeus period&,ksax j <t
The st@ck,er-stétg-variabieg coﬁplgﬁgiy ;;mgariée?théligﬁlueﬁég éf all
previous deéisiqngzg@on curreﬁﬁfghd-gééﬁéeiéﬁtﬁgaifaé;iong. j&hese cen-
tralized conditions are axamined‘aﬁéfgi;éﬁwéébgbﬁic inferptétatiéns.ié

the following section.

3. Economiec Interretations and the Steadv-State

The model outlined in Section 2 is a description of a fairly
complex economy in which there are stocks of two capital goods, learnisg

stocks, a resource stock and a pollutiom stock., The framework incorporates
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the relation between choices of control variables (such as resource extrac-
tion) and the impact of these control variables on future stock levels.
Within this framework, the central planner must choose the level of the
control wvariables at each t, subject to the appropriate constraints on
these activities, in order tc maximize the present discounted value of
utility, plus some terminal value function. This allocational decision

is preatly complicated by the intertemyexal affects of any $uﬁh decisi@n;
for example, a change in resource extragtian will affect the futnre &tock
stock. Similarly, an increaseé utilization of the regsource in the Q sector

ceteris paribus will affect the pallution stock and the stock cf pollutien

abatement equipment {along with the 1earning stocks asseciated with tha
production of C), in addition to altering the current output of consumer
goods. For an optimal program, the planmer must, at the margin, balance
these costs.

As a practical marter, the solution of the optimizing equations,

and a charactarizati@n of the optimal path (see appandix) is an extrem&ly

complex task, paxticularly for thg easwtafra finitei
Intuitively, an optimal program must meet several criteria”i”;ﬁ

1) 1t must equate the marginal benefit of extrakcensumption
with the increased costs due to higher pollution levels. The tradeoff
between consumption and pollution occcurs in two ways: a) divert resources
from the Q sector to the C sector, thereby decreasing future pollution,
but also decreasing consumption; b) by, for given output of C, varying

the use of natural fesources and labor in the ponsumption sector. Since
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only resource use in the {§ sector creates pollution, it is possible to
increase output of Q, given C, at the expense of higher pollution levels
by allocating more of the respurce to the § sector. This implies thatr,
for an optimal program, the MRTS will differ between sectors.

(ii) In addition, an optimal program must concern itself with
the intertemporal production of consumption and gollutien‘ﬁ Because the
utility function is assumed concave, it is desirable to "smooth" out the
flow of comsumption as well as a@verse fiows of pollution; thus resource
extraction decisions and investments in durable goods must attempt_€0<
achieve this intéﬁtemparal Baigﬁae‘ In particular, this impiiés that )
resource extraction, especially during early stages of the plan, may occur
at less than maxi@él ra%§§=§patticﬂlaily)fbr a nonrenewable resource) #n
order to transfér this resource intertempcrail%. However, the “excess
capacity” in the extraction sector does mot imply that no capital invest-
ment is needed since later periods will generally be characterized by
operating at full extraction capacity. Thus, both current abstention
from resource utilization and investmenp in extraction capital can be
ﬁéég ﬁqgtg%3g£eﬁfﬁhg rggég:ag-intertempnrally, ané tﬁ#tg@?:ﬁﬁﬁ&iﬁyghgﬁre
gvég flow of ééﬁ§g§§§i§nf‘ ‘

Furthermore, sitce pollution is treated as a stock ‘vaiﬁsaﬁien,
similar intertemporal ccnsiﬁefations hold with respect to creatiom of
nev pollution flows (through rescurce utilization in Q) and to investment
in abatement equipment. Unfortunately, little of a specific nature can

be said about the optimal path, since this solution will depend upon the

functional forms and the terminal value function.

B NS A

S
r
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The case of an iInfinite planning horizon proves more tractable and
permits insight into the fundamental nature of the optimal solution., If the
resource is nonrenewsble, 20 Infinite planning horizon is impractical
unless either: (i) the resource is not essential in the production of
commodities, or (11) resource-augmenting technical progress occurs in the
final goods sector. The former case has been analyzed by Vousden, while
the latter case has been studied by Anderson. Thus, in the analysis that
follows we-féstrict:atteﬁtien ta‘tﬁé:case(ef'a raﬁewﬁﬁle-résoufce;

Assnming ‘the rﬁscurce is r&uewabiag then & steady-state selution
is achievabla if: a) the laarning &taeks are %@unéed, and b) iIf pollution
stocks can be held at some finite level. The forwmer condition can be ful-
fiileé hy'the as&umptiaﬁ of. knowladge éecay"A@L /BW‘ < 0, BzLii%{% )2 “ﬁ,
whereas the latter condition can be met (assuming new pcilutinn emissions
can never bg reduced to zero if > 0) if there is some decay of the
pollution stock: (BHZIQZ) < 0. Eeologically, this decay reflects the
ability of the environmental system to purify itself.

Thﬁﬁ, assuming reuewability af the res&urﬁe, a steadyvstaze solu~—

ticm can emst .
grewth model altgxnative $teady-states exist enrrespﬂndiﬂg to different
rates of resdurce extraction (unless BG!BI < a8y, ahd to differeut levels
of X, Z, q, ete. It iz the task of the plammer to cheose steady-state,
among the set of all possible steady-state paths, which maximizes social
welfara.8

From the model outlined in Section 2, there are 12 egquations and
15 unknowns (in the steady-state all equations hold with equality: thus

the extraction sector will operate at capacity - otherwise the marginal
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product of Y will be zero}. Hence, there are three degrees of freedom

in determining the steady-state path. %The additional information needed to deter-
mine the optimal steady-state path is, of course, obtained from optimizing

the Lagrangean function and solving for the steady-state wvalues. Given

this specification, we are free to choose the level of three control (con-

trel or stock) wvariables in determining the optimal steady-state solution.

For example, a choice of v uniguely determines the stationary values of

X, Wu, Y and hence v. Similarly, a chpice of ¢ determines K, g?, and w°,

q, {and hence q}, uc, <, and z

Finally, the cheice of u? determines r
thereby cnmpleting the dascriptinn of the steady—sta;e soluzion.
Intuitively, to resolve the three degrees of freednmAfﬁr the optimal

steady-state three efficiency can be inferred by treating the model as

-though it were a(twa-gommpdity,‘iwb—ﬁagital good model, 'In,gﬁéﬁ.a‘mgégl an

optim;m steady~-state allocation would be characterized by equating the net
marginal product on each capital good to the discount rate, and by equating
the marginal rate of transformation between commodities to the marginal rate
of substitution. But these three conditions are precisely those needed in

our model. For exsmpl&, a chioice of u uniquely ﬁetermines the steady—atate

‘1EVels of the reSOnrca stock (X} and ef the extractien eapital (Y}, Thus,

¥ (or X3 can be. viewed as one Q&Pital geoéx Similariy, abatgmant tapital (K}
represents the second capital good, and & choice af the steadymstate 1EVa1
of K unigquely determines ¢, and the learning stocks WC, w?. 1In the optimum
steady-~state, the return on each of these capital goods must be equal to

the discount rate.g
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Finally for given (¥, X, WY, v) and K (C, W, W%}, it is still
poasible to alter the cutput of consumer goods (q) and the pollutien stock
{2) through reallocating the natural resource and labor across sectors. Thus,
the third efficliency condition states that the marginal rate of transforma-
tion between (the steady-state levels of) q and Z must equal the marginal
rate of substitution between these commedities,

Formally, the three efficiency conditlions obtained from the

optimization procedure are:

b W ) SR - IR - SR 8
¥ m u o s A 4 g C
(3.1) ;o 3%0 Bw _BW B BYY Bul BY A Bl BT

i-.BE,.) (.@_r:_) (i-.a,@.‘i) (an_) ( _@3)
( ax® aw” px" 3r° ay"

(3.2)
qn.d c ‘gé :
(3.3) %ﬁ[(aﬁ %) _ (8 /3"3 - > 0
9 Lesmtrar®  (am®/ecC

Note that, as in the case of standard growth models, the vtility function
does not appear in (3.1) or (3.2); these equations reflect the condition that
the net rate of return on capital must equal the discount rate. On the

other hand, (3.3) reflects the equality between the MRT and MRS of consumption
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for pollution. Furthermore, note that because of the pollution assoclated
with resource utilization in the @ sector, the marginal rate of technical
substitution of the inputs is mot equalized across sectors.

It ecan readily be verified that (3.3) does indeed reflect the
optimal choice of the comsumptien, pollution, peint on the transformation
frontier. For example, assume resource extraction (u, and hence X, ¥, w9
is fized, as iz the level of production of ¢ (and thus WC, Qz, and K,
Consider whether any reallocation of r&sourﬁeégbetween.sectetﬁ can raise

discounted welfare:

(3.4) du? + au® = 0; ars + dr = 0
. -
 au© S S "

Assume there is an Increase in ud in peried 1; this increases pollution

emissions and raises peollution stocks in period 2. Further, assume dug

is chosen so that pollution stocks return to their original level in
period 3. Asgumiagth also returns to its original level in period 3, the

only changes in consumption and pollution ‘occur in periods. 1 and 2. Thus,

let:
__— PPV S
(3.6} c}-uq =gy dzz =(-&§;a€)
¢ apd
-7 3 Wi 3z q g > du, £ R

fu
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Utilizing (3.4) and (3.5) we find:

g q Cogn. O
(3.8) aq, g{aﬁ _ 8% (aa f3u )] .
gﬁq arq aacfgrﬁ
4 3 €n Ty -
(3.9) da, = ”[Qa _ 3 (an /34 )J& . (1 +g§__)
aw?®  ar% \ze®/ac” 3Z

The change in welfare is:

3y

(3.10) oy B, M2 e,
. dUa*%-i-— ﬁ%l'}“h ‘(1+i)+ (3_4.1}

1

Substituting (3.6), (3.8), and (3.9) in(3.10), and setting dU = 0, we

obtain:
(3.11) U =€ (Bﬂq)(' 3z ) gg(aﬁqiau‘* ) aa“!au")
a8/ \ T3 Jha gpan 0 g e
n1 G
+ 3z Fu -0,

(i 28 )saq

or? :
which is pxﬁciseiy (3—3)' ‘ o

In a similar fashion it can,be shawn that (3.1) and {3. 2) reflect

the result that :he net rate of return on eapital eqials the disceuat
rate. For example, (3.2) can be derived by assuming there is a slipht
increase in investment in abatement capital in period o, (tdco =g ¥, fol-
lowed by no further investment. Choosing input eombinations such that the
change 4in pollution is zero in each period, (3.2) then reflects the condi-~

tion that the present discounted value of the change in consumption must

AR
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be zero at an optimum, i.e., that the net rate of return on capital equals
the rate of time preference. Not only is the productivity of capital srucial
in determining the optimum, but the learning assoclated with the investment
and the loss In production associated with lastallation of the equipment also
influences the actual steady-state values.

Similarly, (3.1) states that the net rate of return on extraction
capital sust equal the discount rate. This can be shown by assuming there
is an Initial increase inm investment iﬁ éxtraﬁtiﬁd a&?itai iﬁ period 1 {(and
hence a &ecrease An ¢ensumptien}, and by ¢a1culating the ‘thange In the
present disgeunt&d value nf ﬁsnsumptibn due to, such a changa-(for censtant
stocks of pollution). At an optimum, the change in the discounted wvalue
of the stream of censumptiﬁn must be zefo, as is iﬁéicated by {3 1.
for abatement equipment, the return to extraction capital éapends nﬁtﬁ;
only on the marginal physical product of capital but also on the change
in the resource stock and learning stock due to changes in research extrac-
tion, as well as on the depreciation rates. By analogy to neoclassical

growth models, 1f we assume there is no learning, no depréciatian doe to

. ﬁ Agrlogn, £ - 1-1
o ey (o
ave \ av Fr? <3Hcf3rc ay”

But (3.1") is precisely the modified golden rule of the neoclassical growth

models; the LHS of (3.1') represents the marginal product of invest-
ment in extraction capital (assuming du = 0, so that d2 = 0). Thus, both
equations {3.1) and (3.2) are simply "disguised" versions of the modified

golden rule that determine optimal levels of capital stocks.
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In summary, for the rather complex model of Section 2, the effi-
clency conditions used to detsrmine the optimum steady-state path are gimilar
to the usual results of growth theory. However, because of the learning
associated with several activitiles, these rules must be modified to incor-
porate the Indirect benefits associated with resource extraction or invest-
ment in abatement equipment. Furthermore, the fact that rescurce utilization
in the Q sector causes pollution wust also be recognized, leading to a
disparity ia the MRTS of inputs betweea;ﬁeé;prﬁi &and herce to the need for
some form of government intérveﬁﬁiﬁn ta-sﬁﬁgéft tﬁisjéélatiﬂn. =£aﬁsént;cn &4

we discuss how prices can be used to sustain the optimal solution.

4, Alternative Institutional Frameworks

Inﬂtha previoiis section, a aant;;1£2ééf§iﬁnniﬁé economy ﬁés
analyzed. To admit private control and decentralized actions, in this
section we examine four alternative institutional structures. For each of
these structures, it is shown how the steady-state allocatiom described
in Section 3 can be supperted by means of a price mystem. The filrst strue-

ture assumes the production,cf the resourge i$ &ontrmiled by a centra§

Vauthority, but’ that :he Qﬁand C’aectoxﬁ are éecentralizaﬁ and aperate~undax
gompatitive conditibns.: Far the s&aond structuze, the raseazce»sattor ia
also decentralized and again we show hﬁw prices can be employe& to support
the steady~state solution. In the third structure, éndogenocus governmental
budgets are examined while in the fourth structure we recognize that it is
difficult, 1if not impossible, to accurately measure environmental quality
(2). Throughout the analysis for each of these four structures, at the

steady state r, = r*, i.,e., zero population growth will be presumed.

t
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Hence, it makes no difference, from an efficiency standpoint, whether we oper-

ate with a total or per capita societal criterion functiom,

4,1 Centralized N and Decentralized { and £ Sectors. For this

structure, the number of firms in the £inal goods sector and in the capital
abatement sector are specified as fixed and identical. Furthermore, we
assume that firms behave as price-takers and face the following prices which
they assume are static over their planning horizont

P~ price per gﬁit on gross eﬁissians of poiiatisn;

o
|

price of the resource to sector i; 1 = C, Q;

p*l - price of labor to sector i} % = ¢, 0

p - price paid to producer of pollution abatement equipment;
p¥ - putchasé price to users of pollution abatement equipwent;
- and . o .

pq - price of the final good.io

Let the number of (identic¢al) firms in C be ﬁc, and let the number

of (identical) firms Iin sector { be nq.11 Further, assume that the produc-
tion function for each firm in € is:
(4.1) X F e, T W) =, i ,ms

‘and that W° (and g?) areiéfeatad as‘puteﬁ?ﬁséfnaii{ies.by(éﬁéh firm iﬂ Q§
Then the profit-maximizing conditions for each of these firms are given by

thé usual static conditians:lz

¢ 3FC () uc, cd, ue ¢ aF¢

4. Fcra LI S e S
- C - & «C

{4.3) pc B?Ci < prc; rCi{prc - pC ?Fci 1 = O
ar ar
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The profit-maximizing conditions for the final goods sector are
more complicated since these conditions are inherently dynamic. Assuming
firms maximize the present discounted value of profits over (an infinite)
planning horizon, that the discount factor, B, is the same as society's,
and that firms have statiec expectations with respect to prices, we have:

(4.4) 1, = ¢ fﬁt fyq¥q{ﬁqi, rqi, ci) - szz(uqi, Ki, wey -
=0 t * 't t £ * et e

rq qi _ ug gi _ k1 L at+l iy -k
P - pitulm ~pe ]+ B ltﬂ[K +3(c R SO RER S

where ?q{ut , r§;; ei) is the production function of firm i and G% () 1s

. ) § ) - Z
the gross emisgions of firm 4., Furthermore, we assume W is externmal to

&ach firm, and that BTOSS emi&sions ef pollution can be separated from

the decay Qf the existing Btﬁck of poilution 13

The optimizing conditions, assuming the controls uql, rqi, ci are

used at positive levels and that the stock variable Ki is positive for all i,

may be aggregated across firms to obtainlé

(4.5) pq_'fllﬁ_ o2 e _ ,ua |
| wt T
Caa '
arq
(4.7) Pl 3 P aﬁq e
¢ - i | = »
(1 - 22
5K 7

Given the behavior of firms, as summarized in (4.2), (4.3), (4.5), (4.6)

and (4.7}, the task of the central planner is to choose a price vector p* {as

well as the output snd investment decisions for the resource sector) that will

induce firms to produce and wutilize factors at their optimal steady-state level.
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It is well-known that if the prices are eguated to the shadow

prices of the corresponding control {or stock) wvariables, then this systenm

of prices will suppert the optimal steady-state solution (given the appropriate

initial conditions on Ki). Specifically, Iet:ls
(4.8) Prq - prc = of
(4.9 p? = ¢
(4.10) pod = ¢ = §
(4.11) p¢ = ¢°
(4.12) p° = B¢”
k Tk aD q 3;—;“
(4.13) pe = Bn s%al l

Kote that pz = Bnk because gross emissions in t affect the pollution stock
in {¢ + 1). In addition, since pk is the user price for new abatement equip-

ment (c), the price reflects the lag in installation of that equipment and

the fact that instaliﬁtiun'redgees current output. *Eiaally,‘tﬁéwsuﬁsidy

to-be applied to abatement equipment due to learning (Wa,ﬂﬁz}laagaﬁiatgd

with production of ¢ is 8%;
- q
(5-1&) Sk = pc - pk ™ d} - Bnk BD + ¢q *_ﬁ__

as determined from (A.9) of the Appendix.

zlngl

'f
wc oW

Fry

R R e e

SR
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Given the prices (4.8) - (4.13), if the profit-maximizing condi-
tions {(4.2), (4.3), (4.3) and (4.6) are satisfied, then 1t fellows that
conditions {(A.2), (A.3), (A.7) and (A.8) of the Appendix are also satisfied.
Therefore, 1f the appropriaste production and investment decisions are made
for the resource sector, and given that markets clear, this price systenm
will support the optimal solution.

However, it is apparent that this price system is not unique (given
the choice of pumeraire). For example, 3 chgﬁgg_in‘pc will not affect resource
allocation, provided that p° and prc are altered acgazdingl%.‘wﬁimilarly,

a change in pz will not affect the profit-maximizing conditions if puq and
pk are suitably adjusted. Thus, there are two degrees of freedoun in
specifying ﬁhagsapﬁmrting price g&stgﬁ.

Specifically, let:

(4.15) pd = ¢d
(4.16) p¢ = ¢C+a1
(4.17) P = B-¢2+a2t

and choose the remaining prices as feil@ws:

; *
(4.18) p™° = of +a
1 ,.c
ar
c
— *
(4.19) puc = v 4+ d 3
1 c
du

(4.20) p'd=af
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(4.21) P8 =Y -4, =
2 aul
* &
-SSR
e Qv e, 1252
(4.22) ph e g BT L gy 2 K e
a¢ g £
(-2
3K

Hence, the subsidy on new capital becomes:

(4.23) 5= 8%+ ¢

where S* is defined in (4.14), and * in-{4.18) - (ﬁ»g&) 1ﬁdiaatés ;s before
that the partial derivatives are evaluated at their steady-state lewvels.
Give prices (4.15) - (4.23), it is apparent that the profit-maximizing
conditions are satisfied at the éieaﬂféstata solution. Thus, the ﬁiénﬂer
has two degrees of freedom in choosing prices.

To provide further elaboration, suppose the planuner wishes to
reduce the subsidy (p° - pk) on new pollution~abatement capital, while

maintaining the same Steady*statﬁ solution. Ihis can ‘be accomplishﬁd by

raising the. pzice charged on" aev pqilution amiﬁsians (d >1_'"“‘”

increase in ? leads te altereé ﬂemanﬁ fer rasauxees in the f
~gector. In order to- achiava the same resﬂuxce allgcatian patterg, the 7
user price of new abatement equipment must be iIncreased, while the use

of the resource in the final good sector must be subsidized. B& choosing
these price varlations as in (4.21) and (4.22), he will leave the demands

for each factor unc:hanged.16
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4.2 Decentralized N Sector. For this structure we demonstrate how
prices can be used to support decentralization of decisiens in the rescurce
sector, In our analvsis, the behavior of competitive firms in the other two
sectors will remain unaltered.

The competitive solution for the resource sector is complicated by
the fact that the firms share a common property resource. Let the number of
firms, n-, be fixed and assume that each firm has the following (identical)

production funution:_

(4.24) ul ‘F“i(x I i TS NP

In {4.24) ui is the reséﬁtc& output of each firm, Yﬁi

iééthe extraction
capital of each firm, W is th& common. pacl of kncwledga and X is the
common prppezty resaurge@ The intertemparal grofinwmaxim;zing behﬁfiar of
firms depends upon their perceptions as to how their own output decisionms
(ui) affect the stock of learning (W:) and the stock of the common property
resource (Xﬁ). 1f firms perceive that their decisions affect these stocks

and realize that the decisions of other firms also affects these stocks,

then an eptimal ﬁacision (fex each firm) requmres expectanisns on fhe

plans af othﬁ ,irms iﬂ the 1néustr?.

To Simpiify5 fb”‘”wing Qu1rk ané Smith {26] e assume—that the

number of firms {n } is saffiaientiy large, $0 that each firm assunes its

decisions have a megligible fmpact om Xt and Wt . Furthermbore, to be ton-
sistent with the steady-state solution, we assume firms expect these stocks
to remain constant through time. Then the only decision to be made by each

firm 1s how much to invest thi) in each time period. Let:
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po - price paid to producer for resource; and

pI - price paid by producer for new investment.
These prices are assumed (by firms) to remain constant through time. For
each firm we have:

i v i)

i i
< .
(4.25) Y *—Yt + M Qut, v.os Y,

t+l

and thus discounted profits for the ith firm are given by:

(4.26) gt e ¥ st,[‘p%i' - ep.Ivti + 2, (F"“i(x‘;, Yti, W) - ﬂf;;-,;
£=0 *
t+1 1. .4,4 4 1 1
+ 8 et+1{Yt e 2"{ (ug, v £ Yt ) - Yt""l}

Optimizing with respect to ui, VUi, and Yui, and solving for the steady-

state solution we obtain:

1
P
(4.27) p° =
f%'gg let: )
d . _ = o
(4.28) P = %Y P @, $7,

and aggregate across firms,17 it follows that
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u {3 v {4
_ 1+ 3H 3_%_{_)___' ay 3D
(4.29) o, Y = a 9 ay uau ay Bz
(f - 3D /3% ) (i_gg_)
3y
Finally, define R* as
wme ot o B am” aL? |
. !
1+ gy B:i + 89X _du W Bz
N ;
-2 w-2  a-
(4.30) RE = Ay 3% Bw
al |
fl + Y du

(i ~ 30%/37%
where again the * jindicates the expressions are evaluated at their steady-

state walues, The planner ghould Chﬁﬁﬁﬁnﬁl (giwgg—a;)iﬁ order to insure

the optimal rate of resource extraction. Given the stationary values of

¢% and ¥
~
(4.31) ¢ 5q
 an — _ 4p Y sz vt
(4.32) ¥ - g oA

the relationghiup between oy and o, may be represented as:

(4.33) o, = {asz*)

Thus, choose:

(4.34) pI = o, ¢q, and

(4.35) p° = a, (/&%)
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In particular, for a, = 1,

- £
(4.36) p° = % = 7 (1-1); = & = 1

where 7 is the royalty rate the government should charge for the npatural
resource. If increased extraction "depletes” the resource stock faster
than it increases the stock of knowledge, i.e., R*¥ > 1 then there should be
royalty charged for use of the common prﬂ@&fty resource,

Thus, a‘prire veetnr, és'détarmineé by (4 15) = (4.22) a;d (4.34) -
{4,33) will lead the campetitive system to suppaxt the nptimal steaéy-state
solution. If d = d2'= 0, &, = 1, then a subsidy is necessary to praéucers
of C and a tax is needed on the extraction of tpa common property resource.
However, d, 3'2 and o, can be varied . :herebynecessitatimg 33?%@::5&3135;@
taxes or subsidies on the factors of production {depending upﬁn the sector

in which they are used}.

4.3 Decentralization and Agency Budget Constraints. The decen~

tralized price sclution described in 4.1 and 4.2 presupposes that profits

,no,each sector are nnn-negative, Ebreav&z, we have ﬁeen that when shadcw

.p:jﬁﬁs are used i priees,‘th'ggovarnmeﬁt musc 1evy a tax

equipment. If the pianaing agency ‘has camplete taxing power, thEn it-
18

can raise sufficient révenue to implement this plan. However, 41f the
revenue of the agency 1s limited to the fees paid for pollution emissioms,

it does not necessarily follow that this optimal solution can be reached.
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For example, suppese that the pricing system defined by equatioms

19

of 4.2 is implemented {with 4, = 0). Meoroever, assume that the resource is

1

sold by the resource sector at the price pu = ?} then profits in sector Q

are:

-

(4.37) i SRS L B, S QI R i = u? - (8¢ +d,) B pi

B—u‘

= 5%~ %% - Tl - Be%H® - (en¥ gi ¢q|EH 1

‘Z

R ] 3 aD =)
-dz g - 9 4 e ]
au (i - 3pf !BK)

As noted earlier, 32 can be vafieéﬁﬁithogt.gfféé%isg the re&aﬁgce allocation

pattern. However, values of d_, > 0 (< @), which raprééént "oﬁerpricing“

2
{"underpricing"”) pollution emissions necessitate offsetting variations in

pk and puq.

Assuming the only source of revenue for the pollution agency is the

revenue from poliuxign'emissiﬁns anﬂ that it must finance the subsidy on new

N A

a fraction o of the net tax) on the resource aliocated to q, u1£§-- P

we have for this ageney's haﬁget:

(4.38) B = (8¢% + dH - (0° - pe - afy - p"Hud = pe%H’
q , it
(6% - Bn kcab 3y 4 40 1§§_4) e+ d.[HE - o SH .9 4 BK ‘3¢ el
ac 2 3.9

3b
G-
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In order to support the optimal solution there must exist some dz such that
B>0and 1Y > 0.

Kote that ¢ < 1 implies that some of the revenue from the resource
sector can be taxed away (for &2 > 0) since the agency does mot pay for the
entire resource subsidy té g. Om the other hand, 1f o = 1, then no finan-
cial transfer from the resource sector is possible. Thus, for &= 1, the
only affect of a;zering‘dz ig to transfer "money" between the Q sector and
the planping agency, ﬁiﬁhqut &iaaring’the sum {B .+ ﬁq). )ieztiﬁg o = l,jwé

have, from (4.37) and {%»3&):

— —-"

(4.39) B+ 0% = (%% - of 9 - yud - ¢% o],

Substituting the steady-state values for the dﬂélxvariébiésg:ié.Bgﬁjreﬂutes

to:
- q 0 pa. € q ¢
(4.40) B+T9 = ¢3dgd - (238 »{fgﬁ- f3u Bﬁ-] ud 4 —E—
ard 3E/ar®  art e o
Buc H;

N juhere the variables and partial derivativgs in (4.40) are evalnatéd at theix .

stea&yfsﬁatg levels. The sign of (4 &Q} dﬁpﬁnds upoﬁ tha praperties of the

production funetinns, ‘as well as the utility functian, For examplggﬂif,wg

assume Hgﬁug, rq, c¢) is homogeneous of degree one in u? and :q, and 1f we

20
define 8:
au°
£ § Q q
(4.41) 6 = Suc g8 /3r < 1,
3t sm%/5ut

ar

A T A N S

S
K
Z
=
i

:

2
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g ¢
(4.42) p+nd-gd BB | gd. G
dut (BHC lii}
Buc Hc

A priori, it does not appear possible to ascertain the sign of
{(4.42), If (B + Hq).z 0, then the first best solution can be obtained by
proper choice of 62. For example, if at dz =0, 19 >0, and B < 0, then
increasing dz will transfer the surplus to the planning agency.zl Similar
results hold for 1% < 0 at d, = 0.

On the other hand, 1f ﬁq + B < 0, then the first best salgtia#
cannot be reached unless new gources of revenue are made avéilable’tb %he
planning agency. If the budget constraint is binding, then we are in a
second best world, and the problem must Qefrésaivﬁd'in ﬁﬁgt hé@té%ﬁ.zz

4,4 Optimal Policies When Pollution Taxes are Not Feasible.

The preceding discussion has assumed that it is possible to measure and
tax new pollution emissions. However, as a practical matter this may not
be possible. Large transaction costs are usually assoclated with attempts
to measure pollution emissions of each firm (Raggger and Hﬁwétt3{2933m
Furthermore, thaife may be substantial measumment ‘i:roblé‘ms as:ggéia?;é%
with this tax. Thus, considerations of thiﬁfiggé'cquld iﬁvﬁive setting
p% = 0. -

From Section 4.2 we see that this implies that the following

prices are needed to support the optimal sclution

(4.43) p° = 0 => d, = =B
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q
(4.44) ptd = Y+ (B4? il 3By . 4925
3u9 sul
k X ¢* @2 | ap°© st ap?
(4.45) p =Bl n" - o0 L gdeE| e - g% 2
ED - e B
(i -
3K

Two issues immediately arise regarding this solution. First, the Yestriction
that p° = 0 entails placing a tax (B¢%aE”/ouh) on the resource used in sector
Q. The levels of this tax correspends to the damage caused byvthe,féﬁéﬁtﬂe«
This result cﬂrresygnQS to the customary way nf'dealipg with poilntien cguséﬁt
by a particular rescurce. ‘

However, the resource tax aiﬂne will not yield an optimal solution
since it proviées o iacentive for firms to employ peliution abatement "
equipment, In order to provide this incentive, and since this aquiﬁ;;nt

vields ne revenue (and doesn’t reduce operating costs), the firm must be

paid an amount [~¢q1§§~1] for each machine purchased and installed. This

payment just egquals the value of output foregone as a result of imnstalla-
tion of the last unit of ahatemant equipment. ) ’

u Hhi;a theoreticaliy this solntien yields the aptimum soiution ‘
(provxdeé Hq >0) there are obviﬁus practical difficnltias, In partiﬁaiar;
enforcement activities must be introduced to iﬂsure that the machines are
actually used. From the firm's viewpoint, it would be oﬁtimal to take
the machines (and receive the subsidy), but not actually install them.
Therefore, penalties would be needed, ss well as enforcement persommel,

in order to guarantee that the equipment is actually used.
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In addition, if firme are not identical (in their location or pro-
duction of pollution), then this policy may not lead to an optioum distribu-
tion of abatement eguipment across firme. Thus, while theoretically the
optimum solution may be obtainable under the restriction pz = 0, the
practical difficuiries of enforcing this optimum shotld net be minimized.

Furthermore, 1f there 1s an agency budget constraint as described
in 4.3, the restriction p = 0 removes the degree of freedom the agency has
in attempting to, balanﬁe its budget. While this zestrlctian will not alter
the sum (B + ﬂq), if Tesource taxes are pai& to the agency it éoes elimiaate

its power to’ altEr the distribution of B and B3, From (4.37) with d = wﬁ@ 1

- - q 9
(4.46) n9 = ¢9pt - 3B 9 'BH_ w4 12
1f BY () is homogenous of degree one in u¥ and r%, then N% > 0; 1if 1t is
homogenous of degree omne in uq, r? and <, ¥ = 0. For the agency budget,

we find, using {4.40) and {4.41) (and assuming Y () 1s homogenous of

degree one in u? and rq}:

L T q
N R - e

ﬁu)

The sign of (4.47) cannot be determined without further information on
the functional forms. Thus, the additional restriction pz = (} may cause
viclation of the ageney budget constraint and make the first best solution

unobtainable.
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5. Conclusions

We have argued that most natural resources have the characteristies
of a2 joint input which result not only in the production of desirable but,
as well, sndesirable outputs. This joint input feature of patural resources
leads to multiple products in the final goods sector, some subset of which
results in the degradation of environmental reseurces. In turn, the societal

external costs agsociated with this degradation process has led to the emer-

gence of a n&w,industtﬁ, the pollution sbatement iIndustry. ﬁence}vgny

viable representation of natural resource problems requires the explicit

recognition of at least thrée sectors: the extractive or natural resource

i R S N

sector (N), the pollution abatement sector (C), and the final goods sector
(). One interesting féatm;a,o} the C sector is that, given its relatively
infant state, technical progress in both the manufacturewgnd use of abate~
ment equipment become important elements of any realistic formulation.
Moreover, the introduction of the sector implles that the tradeoff between
consumption and pollution can ocecur in two ways: {4i) resources may be
diverted from the G to the C sector in ordgr ;ogpgmduce poliution abate-
‘ment eqiipment that witl gﬂﬂuﬁe’paliﬁfigﬁ'stﬁﬁksjﬁoff{ii)Véiﬁaa ﬁﬁliﬁtiqﬁ
is. associated wiéh-tﬁﬁ useeﬂf ﬁsﬁﬁral/:ggﬁﬁrcesii§lthe g ggétar, fofﬂgiven
levels of capital good production, tﬁé.ccnéuﬁptioﬁ - psiluﬁ&e& mix can gé
altered through factor reallocation between the sectors.

Among other results, the formulation advanced in this paper for
the case of a centralized economy leads to the following conclusions: (a)
the marginal rates of technical substitution for the Q and C sectors should
not be equated; {(b) three degrees of fréedom are available in determining

the optimal steady-state solution; {c) along with the stationary state
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solution for the dual variables, three efficiency conditions must be satis-~
fied to achieve the oprimal steady-state, where the first pertains to select-
ing a point on the transformation frontier between pollution and consumption,
the second refers to the tangency between the socisl indifference curve and
the transformation frontier, and the third is concerned with the proper rate
of resource extraction, which is in many ways equivalent to determining the
optimal savings rate in a neoclassical growth model; and (d) under the special
circumstances of no learning in the resource sector, no depreciation due to
resource extraction, no #apletinnuaf resources, and no pollution we ngiain
pracisely the modified golden rule. I

The basic formulation was also examined in the context of four
alternative i@stitutional structures. For each of theése structures, we demon-
strated how the optimal steaéy-séate can be gupported by means of a price
system. In particular, for the first structure in which the § and C
sectors are decentralized and operate under competitive conditions, a
tax on pollution emitted and a subsidy on new abatement equipment due to
learning are both needed to support the optimal steady-state. Furthermore,
the levels of this tax atd subsidy are netunigzm, two degrées of (;g'?ggdo‘_fni
are available in determining this saygﬁr£ingr§fi;g sysgem; i%ﬁﬁigﬁéasecoﬁd
structure, the previocus structure is angmenteé-b&‘&eséntnaliéiﬁgvaeéiéiﬁﬁs
in the resource sector. Under this sitnation, in addition to the previous
elements of the price support system, a user charge must be imposed upon
resource extraction which takes into account the effect of current resource
production on both the resource and knowledge stocks. ¥or example, only If

increased extraction "depletes" the resource stock at a faster rate than it
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increases the stock of knowledge will a fee be iwposed upon users of the
common property resource. The third structure investigates endogencus
agency budgets presuming the revenues received by the agency are limited
to the fees paid for pollution emissions. Under this specification, 1t no
longer follows that the optiwmal sclution can be reached. The conditions
which mugt be met to reach this spolution are found to depend eritically
upon the various functional forms,

Perhaps the mo$t operational result 1s associated with the frequent
impracticality of measuring polluticn émishionag For this stfﬁgtﬂre, the
tax on pollution must éé{éiscatded and a tax bﬁ ﬁhe(reSéﬁrce’inpﬂtwéhglayed
in the final goods gector is required. This résource input tax simply
recognizes that(tﬁe_jmint nature of resource ﬂgg'in ;he,QvSééﬁﬁr_is xéspoﬁ«
sible for environmental damages. However, the impogiéion ofjthié tégﬁaiéne
will not yvield an optimal sclution since it provides ne incentive for flrms
to empley pellution abatement equipment. Thus, a subsidy for each device
purchased and installed by firms in the { sector must be cffered to provide
this incentive. In this setting, of caurse, once endogenous»agenﬁy budgéts
are admitted the restrittinn that thg tax on pﬁiluti&n be zéro: removas
the degree of freedom. the agency has in att&m@tiﬁg to %alance 1ts bndget.

A comparison 5f the above institutianal ﬁtructure to tha cﬁnvenﬁ
tional Pigouvian tax approach requires the explicit introducrieon of uncer~
tainty. This is particularly evident given the present lack of information
on pollution dispersion orpcesses and the need to measure statistically (via
experimental design procedures) the level of externality emissions. On
the basis of transactions cost snd expected bepefits, the relevant issue

is under what conditions of uncertainty or information precision with

AR
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respect to the geperation and dispersion of pollution is it optimal to
select the resource input tax, abatement subsidy structure or the conven-
tional pollution tax combined with the stochastic externality measurement
institutional structure. We are in the process of investigating this issue
by (i) introducing realistic stochastic components into the resource imput
tax, abatement subsidy ihétitutiogai stricture advanced in Section 4.4 of
this paper and (ii) comparing,the asﬁeciatad transaction costs and axpentﬁd

externality measurement strucrure. ?reliminary results iadiaaae that for

most natural resources, under presgent states cf infermatlaa, the iaput tax,

abatement subsidy appraanh is preferred However, it is also réasanably
clear’ that active attempts ta coliect more precmse informatiﬁn QB the g&n*
eration and dispersion of pollution resulting from natural rescurce use
can lead to am optimal timing problem for switching from the input tax,
abatement subsidy toe the pollution tax, stochastic externality measurement

institutional structure.

AN
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APPENDIX

The Lagrangisn function for the maximization problem discussed

in Section 2 is:

T-1
wn & - 2 (B%0(q,,2,) + B5MA  [X, + 6(u,, X)) - X ,,]
t=0
t+1 n 1
+ B LY, 0%, v, Y - Y 0]+ 8" OUIE (X, Y, W) -uld
t+l1 o q c
+ B 1Iw + 18 (u ﬁ ) :+1} + 8 Y, {u + ug - utj
v t+1 c W - %
+ s:p [H(ut,rtn)-ct]+3 H_l{w +L( f:} Wtﬂ_}

b g

41 HZ

e+l "% t

- o3 W Tod rude, 9 9
H (qt,~Kt, . Zt)} + B ¢t IHq{ut, Ios Ct)
t+l k

- }.;-8

¢
v, Nes1 [Kt + D (ct, E.,) - K ,.]

t t+1

t+1 z
B t+1

[Wz + L (c WZ) - W

t T _ .4 _ .c
p1] ¥R [T - xp - ox]

T _ c u z
+ 8 W(XT! YTS ZT’ WT! w!ri WT} L
‘Given the values of the stock variables at t =0, we wish to maximize
§f{.‘.3 with ré%péct to the control and state Variﬁﬁiﬁs Far example, optimr
izing with respeat to the control variable uq yields zhe follawing {for i

tggﬁ, 3.., sy t"”l):

3L | ptrad Egi - - égi < 0
o B e, y: Ye BoL 41 ool 12
t t t

This equation can be sclved only if a solution can be obtained for the

shadow value é? A solution for this value can be derived by differen-

e+l °
tiating the Lagrangian expression with respect to the pollutfon stock. In
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particular, if pollution stocks are at positive levels, we can use the
resulting recursive relationship to solve for the dual variable @i .

Specifically, from

3 t 3H° z , 83U
oz, B {¢c+1 (1+az) - ¢t+§§;] =0
we obtain for positive levels of Zt,
z -1 F~t 8y Eii Tt awf B;T
of = 2 e gl e T g
i=t j t T 7t

Substituting this result back into the necessary condition on the control

variable ug we obtain the following necessary condition:

Assuming that each stock or state variable is positive over all perieds of
the planning horizon, the necessary conditions for the remaining control
variables may be derived in a similar fashion. ¥or the planning horizen,

£ = 0, coay t-l,Vthis<reshi;l£arau§ is:

e
o §H< <y

(A.3) N T — T H
u
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11 L] . 1) 1
R u_&fii Bwj -1 3y Mg B_I‘t
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j=rtl oy A, o
23
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| j=t+1 5 41 t+1
I £
+ T; gi-t fbu_afj_ _?Yj 4 gt ¥ aY'I 83% .
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T
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T e aHt:(-:f x
(a.7) ) @t—“c‘ f'_ Q't L]
. k ar L
t
for qt

(A.8) — < ¢




- 42 -

and finally for ¢

t
T-1 jut -1,y 30, 3z, T3 BV 32,
(A.9) L 8 L8 T owm YR T w |
j=t41 i=i41 1 %541 T CCq41
9ES  BK, | -1
- | ¢ gt
Ry Kig i=
T-1 au, Az az m?  aw?
S e . gt g\? ] L s
g o z Z (g, z 'V z A
i=j+] i 3+1 T B B’Qj aw-i;;;_
2 z e o
T-t 9% aw? 3Lt -1 j-t a‘fgi a%j
g wZ W’ Tl A B Y W’ aws ¥
T Ut 3= i Tt
c Cx - .
T"t 3l¥ BWT BLt -+ ¢}q _:a_ﬁ_q_ P ¢C
g suC  3u® Bct t e, - t
¢ t+1

If the strict inequality holds for any of these equations, the corresponding
decision variable is 0; however, 1f the decision variable is positive, the

corresponding condition Is a strict equality,




FOOTNOTES

*The senior author wishes to thank George Tolley for a number of useful
insights related to the framework advanced in this paper.
In the initial specification of this sector, storage of "free" resource

reserves was included as a specific aetivity. Since the current model

contains sufficient richness, however, uncertainty and seasonality in
production are not admitted. Without such influences, the above-ground
storage of resoutrces is undesirable; it entails unnecessary construction
of storage facilities and reduces the rate of rescurce remewal at the
stationary state,

For similar specificarions fq%,thé dynamics of the pollution process;
see Baumol [2], ﬁaumal and OGates [3], and Rausser and Howitt [29].

This specification genaralizes the usual fixed preportian wodel of exter-
nalities, 1. a,, once the 1eve1 of salaable output is set, tha»exxgrnality
cutput is automatically determined pe matter what the rate of input use.
It 4s also a wore appropriate specification than the sultiproduct formu-
lation dnvolving a eingle relationship. .Such & joint product specification,
found in most intermediate economic texts, is not generally applicable to

the case of axtergalities. It implies that, given amounts of all iaputs,

output., This is clehrly incaxrect, he gxternallty out?ut can pnly be

varied by changing the joint natural resource input (e.g., type of fuel
used) or the amount of fixed or other variable inputs (Whitcomd [45]).
One possible justification for this specification could be based upon the

relative locations of the § and C sectors. If the output q is perisghable

it seems reasonable that the Q sector would be located close to population
centers and thus the use of the matural resource by this sector would re~
sult in environmental damages. In gontrast, since ¢ is durable the C
sector could be located sufficiently far from population centers to result

in 14ttle if any eénvironmental damages.




In addition to the concavity assumptions on the functions (2.1)-{2.12)

and {2.15) another restriction is needed for the Kuhn-Tucker conditions

to imply sufficiency as well as necessity. This restriction is that the
Lagrangian multipliers or dual variables be positive which may imply free
disposal. Of course, free disposal of any of the specified stﬁcgs may be
extremely restrictive for some situations. Note that Gale [15] has proved
necessary and sufficient conditions for the existence of the Lagrangian
multipliers in the context of dynamic framework advanced in this paper.
Since ppllutidﬁ(éfocks effect uﬁility, the tﬁﬁde~a§f between ééaéumyéién
and pollution must also be viewed as an,intertampﬁgéi prolilem.

The existence of the steady state may be obtained by appealing the dynamic
pro-gummfiiﬁg‘apg‘a;mach of. Bell&;}i&@;f&j Assummg {é.) the utility specifim-—
tion is not éxpiicitly % function of time; (ii) all state variabies are
confined to a bounded region; (iii} the difference equations generating
the state variables are consistent with this bounded region; and the

(iv) utility function is uniformly bounded for all walues ot its arguments

b&lengmg to the censtraim: set and t“he bounded regmn for the stat:é vari-

stated in terms of inltial states, eonvergas as T +-% to a functiﬂnal

equation which has a unique solution, {Bellman Ié, gﬁ 1213) aneavg:;'.
under these assumptions along with the specified concavity and continuity
aspumptions, either a steady state must exist or resource stocks become
zero in a finite period. If we append to these assumptions, the Inada
conditions on all production functions, viz.

9"

lim T
u-+o
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11,

iz.

then all stock and flow variables will be utilized at positive levels

in the steady state.

The necessary conditions appearing in the Appendix can be shown to hold
in the limiting case where T = . Under the assumptions 1n footnote 7,
Inada conditions oo 2ll production functions and Bellman's theorem, it

is clear that we can approximate the necessary conditions for an infinite
planning horizon to aiy desired degree of acdﬁracy by setting T at arbi-
trarily large levels. This result obtains when the terms iﬁvélviﬁg
summations in (A.2)-(A.9) ultimately converge to zerd. Suﬁhwconégzg@nce
follows from |1 + 3G/3xX| < 1/8, |1 + 39“;3y1 < 1/8, |1 + ar¥7aw?| < 1/8,

[1+ 88%/32) < 1/8, 1+ ancfgxi‘g 1/8, |1+ 3L%/3W%] < 1/8, and |1 + 3L°/a¥"]

<1/8. These conditions are indiréctly assured by the assumptions appearing
in footnote 7 and the specifications imposed on (2.15).

Alternatively, these two conditions can be viewed as: (i) obtaindng the
production possibility frontier between Z and g and (ii) choosing a proper
intertemporal allocation of resources,

Obviously, these prices can only be determined up to some scalar multiple;
the cﬁéicé afuakﬁéﬁéﬁaire_gooé remaiﬁs. |

For simplicity, we define total population to be one.

8ince firms are assumeé identicai and face identical prices, we have:

ci cj _el cj

u =u-,r =1 J: and thus:

c ¢
(1) ¢ = nC[Fc(uCi, rﬂi, W] = nchigz,-zz, W)
¥ n
_ c ¢
(1) B, 5,u) = 0% &, I W0,
n n

and

¢ aF
3H - c = € c
{11 o ;—i' X=u , T .
X
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14,

15.

16.

17,

Thus, we assume from an aggregative viewpoint:
Bl Kk, W, 2) = BRQY, K, W) + B F@
Since all firms are identical:
4.9 .9 gq,9i _gi i, _ aqa® 1 ¢
H*{u', v, ) = F* fu*", 1 ,c)%tzf‘(«a,m{g,w&'},
nt m* nAa°
and
q -4 .
oH aF
il % = uq, rg, c
- 9%
Similarly, from footmote 13; ,
A P g i 2wt T
¥l & ¥, 2) = B, k, W + B @) = 2360 EE, v 4 B
alnd
and ) g ,
3% ““ax g FEuL K
X
Furthermore, since K 1. i = J{c K i) 4 =K _+ D, K ), and
’ t+1 Ky t’t’t+1 t £ T
=3l .
Kt n Kt s Lhen
L
Bcgct§ Kt) = anQgT} 359 and Eﬁ; = gggg x =g, K.
‘% nt s 3
Naturally, all: pricﬁs can be saaleé by the same uanﬁtéﬁt valaa'withaut
altering the solution.
Obviously, the profit-maximizing conditions apply onto. to the interior
solution. Moreover, we must also be sure profits are non-negative at
the optimal level, Variations in &2 will affect the profits of the
final goods sector.
Given n°, u = %’ tmpltes BX(x°, Y%, W) = o°F*H e, YL, W), Since

all firms are identical:




18.

19.

20,

21.

d

u ui
38_ = oF i for ¥ = nuY i
3y Y
Similarly,
Y =Y +D%w, , v , Y )
t+1 t t £t ¢t
and
i i i i i i
Yoo =Y THMGQ,v, YD
implies

i i .1i:u v Y
”n“M[_u, e

n.
assuming extraction is‘&ildsated efficiently across firms, as it would
be under competitive gﬂn&i;i&ns. Therefore:
%gi = gg%, where x = u, v , Y .
ax
Since the return to labor is a pure rent in this model an income tax
{(or lump sum tax) can be imposed on labor's wages without altering the
resource allocatien. Moreover, the rents earned from the resource stock
could be used to augment the &géﬁﬁy‘srbﬁﬁget. Thus, with these té%gﬁﬁés
and taxing powers, the eptimal selutien tan he achieved.
1f 5o (S, %, ¥ ) is hemogeneous of degree owe ih u and °, thEanrefits

in sector C are zero, and nothing is altered by wvarying di' Thusg, we let
= G.

B is the ratio of the MRS between sectors, and thus 8°< 1 because of the
pollution associated with ut.

3" ap°
This assumes H- - 22— yf +| | {/3c > 0 at
Al 3¢

@ - 3p~/3K)

SR

R A

)

SN et




the steady-state solution. If the sign is reversed, then increasing d2

raises nd and lowers B; if it equals zero, %2 has no effect on the
distribution of revenue and alterpative taxing schemes must be found,
Note that if H® (uq, K, Wz, Z) is homogeneous of degree one in ug and K,

e
and if (30%/8c) = 1, (%%—} £ §, s0 ¢ = 8K in the steadv-state, then:

. u
z _ 3H ;BH (4K K
H N + Il (i+8) 1+6 iax | k<0

22. If (B + 1%) < 0, then the optimal solution is not attainable unless al-

ternative sources of funds are available to the AgencyQ If thé constraint
is tighz, then we must greceed with a Seccnd Eest Solutiﬂu and it is well~-
known that, in this case, the other optimality conditions may be vieclated
{Lipsey and Lancastez, Il?]) Undar these circumstances, the Agancy wust
choose a set of prices p » pk, p (lat pq = 1) anﬂ a tax T on the resource
used in the final goods sector such that the profit-maximizing conditions
for the firms are fulfilled (as defined by equatioms (4.2), (4.3), and

(4.5) - (4.7) and such that the following two constraints are not vioclated:
CO I R 5 A R WS AN,

(11) &= % - (% - pMe + w2 0.

Hote that we aségmé ??x the price of labor aﬁdtﬁg;”the Ftiégfdf_;hg¢£¢sauraé

are beyond the ;gency‘s control. If this were not the case, thén,tﬁéﬁépti—
mal solution is always attainable through an (dmplicit) tax on labor or
the resource.

Also, we assume that technology is such that n° > 0 vhenever the
first order conditions for profit-maximization are satisfied in sector C.
The equilibrium values of pr and pu #hould be determined by thelr respective

dual variables, but they must be taken as exogenous to the Agency.
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