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1. Introduction

An important problem in environmental economics arises from the irre-
versibility of consuming or destroying certain resources. Extractive resources
like oil are a clear example. Even for environmental resources the same seems
to be true in a number of important cases, for example biodiversity, current
climate conditions, or complex ecological systems. Irreversibility imposes a
severe externality across different generations; future generations will suffer
from the destruction of a unique asset like Amazonia, and it is not clear how
such a loss could be compensated in terms of other goods. If such an asset is
destroyed, then it is not possible subsequently to restore it. In contrast, if the
asset is preserved, then it is possible to “use” the asset at a subsequent date. If
there is uncertainty about future preferences or valuations, then preservation
provides a type of insurance which is not available if the irreversible decision
is carried out.

Such an intuitive form of insurance policy has been related to the concept
of option value. Amongst the earliest studies of these issues were [1, 7, 17,
18, 20, 26]. Subsequent works that built on these contributions include [4,
5, 11, 12, 21, 23, 24, 27, 28]. An extensive survey of the concept and the
meaning of option value is provided in other chapters of this book (those by
Chichilnisky and Heal and Vercelli) to which we refer the reader.

None of the previous papers, however, take into account the fact that gen-
erations yet to be borne may value natural resources and environmental assets
quite differently from us. They may value them more because of an enhanced
appreciation of the relationship between humanity and the rest of nature: they
may value them less because their world may be more synthetic and created
than ours, and they may be pleased with that. Casual empiricism suggests
that in fact over the last few decades, the citizens of industrial countries have
rediscovered the importance of environmental assets such as clean air and
water, biodiversity, rain forests, and many others. The value placed on these
appears to have increased substantially, suggesting the possibility of further
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changes in the future. The possibility of such changes has important impli-
cations for our current decisions about environmental preservation: many of
the most difficult preservation decisions today concem very long-run issues
such as climate change, species conservation and nuclear waste disposal. In
all of these cases, most of the benefits and costs will fall on future gener-
ations: their valuations of environmental assets should therefore be central
to our decisions, and uncertainty about their valuations, inevitable because
they are not yet borne, must be explicitly recognized and modeled in our
evaluations. This is the agenda of this paper. Solow [25] has argued that such
uncertainty must be at the center of any analysis of sustainability. Asheim
[2] has also made uncertainty, albeit of a different type, central to a theory of
sustainability, as has Tucci in his papers in this volume.

We develop a simple continuous-time stochastic dynamic framework with-
in which we can analyze the optimal preservation of an asset whose consump-
tion is irreversible, in the face of uncertainty about future preferences. This
framework is derived from that introduced by Dasgupta and Heal 8], who
analyze optimal depletion of a fixed stock of an environmental resource. In
a first version of the model utility depends only on the flow of consumption,
so that the stock of the resource can be interpreted as an extractive resource
which is used in production such as oil or gas. In a second version of the
model, utility also depends directly on the stock of the resource, which can
therefore be interpreted as an environmental asset such as a forest, a land-
scape or the biodiversity of a region. As the resource is available in a fixed
total supply, its consumption is irreversible: any consumption today leads
ineluctably to a reduction in the amount available for future consumption.

The innovation with respect to [8] lies in our using a dynamic optimization
model in which current planners are uncertain about the preferences of future
generations, and wish to respect the possibility of their having a stronger
preference for an environmental good. We compare the optimal depletion
paths and associated shadow prices for two cases, one where preferences for
the consumption of the resource are known with certainty to be the same at all
dates, and a second in which there is a possibility of a change in preferences
in the future. We study the difference in optimal depletion (or, equivalently,
conservation) policies, and their associated shadow prices, resulting from the
introduction of the possible alteration in preferences.

The effect of uncertainty about future preferences on conservation deci-
sions depends, naturally, on the probability distribution governing the evo-
lution of preferences; the exact nature of this effect depends on whether the
stock represents an extractive resource or an environmental asset, i.e. whether
utility depends on the flow only or on stock and flow. In case of utility depend-
ing only on the flow, we show that the possibility of an increase in the intensity
of preference for the consumption flow need not on its own have any effect on
the optimal conservation policy. There is an impact on conservation policy if
and only if the probability distribution is not neutral in a certain very intuitive
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sense. Roughly speaking, this non-neutrality means that the introduction of
uncertainty is not mean-preserving in the sense of Rothschild and Stiglitz
[22]: there is not only pure uncertainty about future preferences but also an
expected drift.

In the case of an environmental asset valued both as a stock and as a flow,
the optimal consumption policy will in general involve the preservation of a
positive stock in perpetuity (see Heal’s paper “Interpreting Sustainability”,
Chapter 1.1 of this book). In this case, we study the impact of uncertainty
about future preferences on the size of the stock conserved. We take as a
benchmark the stock which would be conserved if there were no uncertainty
and it was known with certainty that preferences would continue for ever
in their initial form. We show that whether preference uncertainty leads to
the conservation of a greater or a lesser stock, depends in an intuitive way
on the parameters describing the uncertainty. Although this problem is very
complex, it is possible to give a complete characterization of how uncertainty
affects the desirability of conserving the asset in the long run.

We conclude this introduction with some remarks about the relationship
between our formulation and earlier papers (referenced above) which address
the concepts of option and quasi-option value. Clearly, all the papers share
a common motivation: that it is important, in present decisions, to recognize

_ that the valuation of environmental assets may change over time and so has

to be seen as uncertain. Our framework seems rather more general than that
of most studies of option values, in that we consider an infinite horizon
continuous time problem in which the choice variable is also continuous. The
standard, though not uniform, paradigm for the option value literature is two
periods and a zero-one choice variable, “conserve” or “don’t conserve”. We
also work within a framework which is now standard in dynamic welfare
economics, namely within the framework of a simple optimal growth model.
In spite of the increased generality, we are able to obtain results which are at
least comparable with earlier results in terms of their degree of detail.

The plan of the paper is as follows: in Section 2 we describe the model
and its solution, while in Section 3 we describe a particular specification of
the change in preferences and show that in this case pure uncertainty about
the valuation of the flow of consumption of a resource requires consumption
policies that do not deviate from those under certainty. In Section 4 we study
a simpler version of the model involving uncertainty about the direction, but
not about the timing, of the change in preferences. Section 5 extends the
analysis to the case where uncertainty is about the relative importance of the
flow and the stock in the utility function. Section 6 considers option values
and the relationship to the previous literature. Section 7 concludes.
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2. Conservation with Uncertain Future Preferences

2.1. Modelling Uncertain Future Preferences

Our aim is to model a situation where there is irreversible consumption of
an asset in fixed supply. This could happen for example in the case of oil
consumption. In order to keep the model as simple as possible we abstract
from problems related to the production side of the economy, and imagine
that consumption takes place directly by depletion of the asset.

" Themostnatural counterpart to this kind of structure is a variant of the cake-
eating problem, described, for example, in [9]. We consider an environmental
good of which there is at time ¢ a stock S;. This good may be consumed at a
rate c;, so that the rate of change of the stock is given by

d .

-% =8 = —¢. 1
Feasibility requires that Sy > 0 V¢. Attime zero society derives utility from the
consumption of this good according to the function u(c;) which is assumed to
be increasing, twice continuously differentiable and strictly concave. There is
a possibility that at a random future date which we shall denote T the utility
of consuming this good will change according to a multiplicative factor.
For simplicity it is assumed that the function u(c;) will become equal to
(1 + a)u(e;) with probability ¢ or to (1 — B)u(c;) with probability (1 —
q), for @, > 0. The date T at which there is a switch of preferences
is a random variable with marginal density w;. We also assume that the
change in preferences is a once-for-all phenomenon. We can think of the
change in preferences as representing a change of tastes from one generation
to another: the current generation is uncertain about the preferences of its

- successors and wishes to allow for the fact that they may value more highly
the environmental good. Alternatively, it might be the discovery that some
aspect of the environment is medically important in ways not previously
recognized, leading to an increase in its valuation.

We begin by formulating an ancillary problem. Following Dasgupta and
Heal [8] we define a state valuation function Wr(St) which values the stock
St remaining at time T" at which the change in preferences occurs. The
valuation is according to the utility function F(c;), where F stands for the
utility function that applies after T'.

o0 o0
Wg(St) = max /T F(c;)e~*=T) dt subject to / cdt = St. (2)
T

d is of course a discount rate applied to future utilities: for a discussion of the
appropriateness of discounting in this context, see [16]. Let Wz be denoted
W1 (8T) when F(c) = (1 + a)u(c) and W»(St) when F(c) = (1 — B)u(c).
Define ‘

EWr(Sr) = qWi(St) + (1 ~ )W (ST) 3)
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as the expected valuation of the stock at time T'.
Given this, we may now define an overall problem as:

o0 T 5T
max/ wr {/ u(ce)e %dt + e *TEWp(Sr) p dT
0 0

subject to S, = —c;and S; > 0 V. 4)

The interpretation of this problem is as follows. The date T' at which
preferences may change is a random variable. For any particular T, the
expected utility of a consumption path is given by the expression in the
parentheses { }. We then take as the maximand the expectation of this over all
possible values of T'. In other words, we maximize the expected discounted
value of utility derived from consuming the environmental good, where the
expectation is taken with respect to the probability distributions governing
changes in preference for the environmental good. By integrating by parts,
the maximand in (4) can be reformulated as

/0 % et {u(cy) Y + EWp(Sy)} dt, | ©)

where Q; = [ w,dr.

2.2. Stochastic and Deterministic Solutions

When solving the actual problem (4), it will be useful to consider as a standard
of comparison the solution of a problem where a decision maker consumes
a fixed stock of resources but ignores uncertainty about future preferences
altogether, and assumes that the utility function is never going to change.
Under these assumptions we face a standard cake-eating problem whose
solution requires that consumption decline over time at a rate depending on
the discount rate and the elasticity of the marginal utility of consumption. The
problem can be formulated as

(o o) o0
max / u(cs)e % dt subject to / cdt < Sp. (6)
0 0
The solution to (6) is:
é 6
&_9 7
G o7 @)

where 7 is the elasticity of the marginal utility of the function u with respect
to consumption, i.e., 7 = (u”¢)/u’ < 0 and the single prime denotes the first
and the double prime denotes the second derivative of u with respect to its
argument. In the rest of the paper, we denote by ¢;(7) the consumption path
that satisfies (7), and by g(7) the corresponding rate of growth.

In order to solve the general problem (4) we now introduce a shadow price
or adjoint variable on the stock .S;, denoted p;. Then a necessary condition
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for a consumption path and a shadow price path to solve (4) is that ¢; and p;
satisfy the following equations:!

u'(c)Q: = p,
Pt — 0pr = —w EW. ®)

A little manipulation allows us to condense these into the intuitive single
equation

. ! ]
R b i ©
¢ N u Nl .

According to Equation (9) the rate of growth of consumption is time-varying,
and depends in a complicated way on the probabilities and on the marginal
utilities that are in tum a function of the past consumption policy. In the rest
of the paper we will denote by c:(9) the time path of consumption which
satisfies (9), and by g.:(9) the corresponding rate of growth.

Equation (9) tells us that the rate of change of consumption depends on
the discount rate, the elasticity of the marginal utility of consumption and
the expectation of the increase in the marginal valuation of consumption
conditional on the change in preferences not having yet occurred.? For a
given elasticity of marginal utility, the rate of change of consumption depends
negatively on the rate of time preference. The effect of the second term on the
right-hand side of (9) is ambiguous, and depends on the difference between
the immediate marginal utility of consumption at time ¢, and the expected
marginal valuation of the remaining stock of the asset; for a given ratio w/(2,
the larger is the marginal valuation of the remaining stock, the faster is its
rate of depletion falls. '

If the utility function is scaled up by (1 +a) from T onwards, then F(c) =
(I + a)u(c) and the appropriate state valuation function is (1 + o)W (Sy),
and if it is scaled down by (1'— ), then the state valuation function is
(1 — B)W(Sr). Therefore, in this case the function (3) assumes the simple
form:

EWr(St) = g(1+ )W (Sr) +(1 - ¢)(1 - AW (Sr) = TW(Sr),(10)

where ' = ¢(1 + o) + (1 — ¢)(1 - B).

By using such a description of uncertainty and the proposition proven in
the Appendix, according to which the marginal valuation of the stock is equal
to the marginal utility of consumption after the change in preferences, it is
possible to rewrite Equation (9) as:

_ ¥(@(9) = W/} (7) | v
g:(9) = gal7) + { HHD (O} 1)

where ¢} (7) is optimal consumption after preferences have changed. Such a
consumption level is different from the consumption which would hold under
the solution to a standard cake-eating problem, which we have denoted by

- am— W — —lw
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ct(7); c;(7) applies at time ¢ if a solution to a certainty problem is followed
from time ¢ on, but not before time ¢, while c;(7) is the time t consumption
that holds when the solution to the certainty problem has been followed since
the very beginning. Formally:

ct(7) = —%Soe%t )

(1) = —% [50- [ ce(9)at].

Clearly, c;(7) < c;(7) whenever the actual policy prescribes an integral of
consumption from time 0 to time ¢ that is larger than the one required by the
solution to the deterministic problem.

3. Specific Cases

Two specific cases of the general framework will be helpful in obtaining
clearer results and building up intuition.

3.1. Symmetric Uncertainty

-I' = 1 provides an interesting benchmark, as in this case the probabilities of

the states of nature compound with the magnitudes of the change in utility in
such a way as to make the mathematical expectation of the future utility equal
to the current utility; we describe this as symmetric uncertainty. In this case
we can show that the decision maker may optimally ignore uncertainty about
future preferences, and adopt the policy suggested by the certain problem.
In this case, uncertainty about future preferences has no impact at all on
optimal current consumption levels: it is not appropriate to consume more
conservatively (with respect to the model that ignores uncertainty) in the face
of a possible increase in future preferences for the good, if this is balanced by
a possible decrease. So uncertainty about future preferences alone does not
give rise to a conservation motive: the uncertainty has to be asymmetric, in
the sense that the possibility of an increase in preferences outweighs that of
a decrease.
Formally:

PROPOSITION 1. The optimal consumption policy for the uncertain prob-
lems (4) with symmetric uncertainty about future preferences is identical to
that for the certain problem (6) with unchanging preferences.

Proof. In the case of symmetric uncertainty EWg(St) = W (Sr) and the
maximand becomes:

/oo wr {/T u(cy)e%dt + e""TW(S'T)} aT
0 0
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= /Ooo wr {/Ooo u(ct)e_‘”dt} dT

and the two problems are obviously identical. 0

Intuitively, the result is due to the fact that risk aversion by itself does not
necessarily imply aversion to uncertainty about future preferences. In our
model the agent is risk averse for each given preference structure, but is
risk neutral with respect to uncertainty about the structure of preferences.
So for a risk averse decision maker who follows the standard paradigm of
expected utility maximization, we obtain the strong result that uncertainty
about preferences alone does not give rise to a more conservative policy for
the use of the resource: there needs to be an asymmetry in the distribution of
possible outcomes as well. This is also true of the earlier formulation of option
value as in [1, 17]: this aspect of those results is reviewed by Chichilnisky
and Heal in Chapter 1.2 of this volume.

3.2. Preference Uncertainty Alone

We now eliminate one source of uncertainty, the one due to timing shocks, and
consider a decision-maker who knows that at a given time T her preferences
will change, although in an uncertain way. Formally, the problem is now:

T .
max / u(cy)e % dt + e~*T EWr(ST) subject toS; = —ct, S > 0Vt, (12)
0

where EWg(St) is given by Equation (10). Using the expression given in
Equation (10), the maximand can be rewritten as:

T
max/ u(cy)e %dt + e~ TTW (Sr), (13)
0

which shows that the particular specification we have chosen for the change
in the utility function makes the problem with preference uncertainty only
exactly equivalent from a formal point of view to a problem with a known
change in preferences.

The necessary conditions of problem (12) are, apart from a transversality
condition, the same as those of an infinite horizon problem:

u' (ct) = Pt,]it - 5Pt = OapT =Tw' (ST)

The solution from time zero to T is:
é

er = —=5T,
7

& & P

-=—, —_—_'(s

c N p

Together with the transversality condition:
pr =TW'(Sr), (14)
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this yields an expression for the marginal utility of consumption at time 0:
u'(co) = e TTW’(S7). (15)

Such an expression is useful in understanding the effect of uncertainty
about future preferences on the optimal policy, as clearly it shows that in
the case of preference uncertainty and certain timing, initial consumption is
larger than, less than, or equal to that obtaining under certainty according
to whether U is less than, greater than, or equal to 1.

4. The Stock as Source of Utility

It is now assumed that society derives utility both from the consumption of
this good according to the function u(c;) and also from the stock according
to the function v(S;). This extended specification is particularly useful when
studying environmental resources, see, for example, [19]. Uncertainty in this
case may be interpreted in terms of the relative valuation of consumption
goods and the environmental asset. The scenario that will be described here is
that at some future date society may increase its valuation of environmental
assets relative to the flow of consumption which can be obtained by depleting

.the assets. Both utility functions u(c) and v(.S) are assumed to be increasing,

twice continuously differentiable and strictly concave. In order to consider
a model with a steady state we assume that marginal utility of consumption
evaluated at zero consumption is finite, u'(0) < co.

While at the beginning of the planning horizon the flow of consumption
provides a certain utility u(c;) and the stock of the asset provides a certain
utility of v(.S;), there is a possibility that at a random future date T', the utility
function is affected by an exogenous shock. The utility of the flow will not
be affected, but the utility directly provided by the stock will change to either
(1 + &)v(S) (with probability ¢) or to (1 — B)v(.S) (with probability 1 — g),
for a, B > 0. As before, the date T" at which there is a switch of preferences
is a random variable with marginal density w;.

The state valuation function W (St) which values the stock St remaining
at the time 7" at which the change in preferences occurs is now:

Wa(Sr) = max /T ™ [uler) + (1 + a)u(Sy)] e="¢D gy

o
subject to / crdt = Sr, (16)
T

Ws(St)

max /Too [u(ce) + (1 = B)v(Sy)] e~ dt

x0
subject to / cidt = St | 17)
T
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The overall problem can be written as the maximization of:
T
E { / e~ [u(cs) + v(Sp)] dt + e~ [qWa(St) + (1 — q)Wp(ST)] }
0

given the standard resource constraint. By integrating by parts, the maximand
can be reformulated as:

[T e ulen) + v(50) Qe+ [oWa(S0) + (1~ QWa(S0]} bty (19)

where Q; = [° w,dr. Necessary conditions for a consumption path and a
shadow price path to solve (18) are:

u'(c) Qe = p,

P — bpe = Q' (S,) — we [aW4(S) + (1 - WH(S)],  (19)
which can be used to derive:
v'(Sy) 4 {U'(Ct) — qWy(S1) — (1 — q)Wg(5:) } Q0)

ct - u'(c) u'(ct)

where A = w/.

Equation (20) admits a steady state at which consumption is constant. At
any stationary state, the consumption of the flow must be zero and the stock
must be constant. Hence at a stationary state of (20):

60/ (0) = v'(S) — [u'(0) — qWa(S) — (1 - @) Wp(5)].

We shall consider three different steady states, each corresponding to a
problem with no uncertainty about preferences. In one case the utility of the
stock is constant at v(S): this leads to stationary state value of the stock of
Sp. In the other cases the utility of the stock is constant at (1 + a)v(S)
or (1 — B)v(S): these cases lead respectively to stationary states with stock
levels S, and Sg. Note that if preferences never change, A = 0 Vi. Hence:

PROPOSITION 2. The steady state corresponding to the original prefer-
ence structure of the agent is characterized by a level of the stock Sp such
that 6u'(0) = '(Sp), while the steady state corresponding to an increase
(decrease) in preferences is characterized by a level of the stock S, (S) such

that 6u'(0) = (1 + a)v'(Sq) (6u'(0) = (1 — B)v'(Sp)).

It is easy, simply by concavity of the valuation function, to relate the three
stocks:

Remark 1.5, > Sp > Sp.

We now locate the level of the stock corresponding to a point of rest of
the system before ungertainty is resolved, and compare it with the steady
state which holds after resolution of uncertainty, which will be S, or Sg.
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Equation (20) can be used to characterize a steady state of the system before
uncertainty is resolved (Ss) by evaluating it at zero consumption and setting
it equal to 0, while not setting A to zero:

v'(Ss) u'(0) — gWe(Ss) — (1 — @)Wp(Ss)
S Y =0. (21
°" W) “{ w(0) eV
To evaluate the general properties of such a function we define:
_ s Y(S) _
At =§ - 'U/(Ct) = A(St,ct)

and

B, =) {ul(ct) - qVV,t'z - (1- Q)ng} = B(S;, ct)
u'(ct)

and analyze these two components as a function of various values of the stock,
for zero consumption, in order to find the equilibrium point.

The following remark, which derives directly from the very definition of
the term Sp, takes care of the first term.

Remark 2. A(Sp,0) = 0, A(S,0) > 0 for S > Sp, A(S,0) < 0 for

vS<SD-

1t follows that the function A(_,.) is positive (negative) for large (small)
values of the stock, and equals zero when the actual stock coincides with the
stock representing the equilibrium of the deterministic system with the initial
stock utility function v(S).

The term B; is more complicated to analyze. We now characterize the sign
of B(S;,0) at the stationary states S, and Sg. The following lemma is used
in this characterization:

LEMMA 3. W,(Sa) = Wp(Sg) = w/(0), Wo(Sp) = ((1 +a)/(1 -
B)w'(0), Wg(Sa) > ((1 = B)/(1 + a))u'(0).

Proof. The first two equalities follow from the definition of the steady
state, which implies a marginal valuation of the stock equal to the marginal
utility of consumption. The third equality comes from noting that if an extra
unit of stock is given to an economy whose stock is currently Sz with util-
ity of the stock (1 + a)v(.S) then this unit will be preserved, as with these
preferences a stock equal to S implies a corner solution with a marginal
valuation of the stock larger than the marginal utility of consumption. There-
fore, the utility value of an extra unit is equal to ({1 + a)v'(Sg)}/é, which
equals ((1 + a)/(1 — B))u'(0) from using the definition of v'(Ss) given
in Proposition 2. Finally, the inequality describes the case where an extra
unit of the stock is assigned to the decision maker in the case where he
is already depleting the stock in order to reach a steady state with a low-
er stock level. Suppose that preferences are described by (1 — B)v(S) but
the stock is S,. Given an extra unit of the stock AS if such extra unit is

R
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added to the stock S, and maintained forever, the increment in total utility is
((1 — B)v'(Sa))/4. But since the economy is not at the stationary state where
v'(c) = ((1 — B)v'(S))/é then it is possible to increase utility by more than
that so Wj(Sa) > ((1 — 8)v'(Sa))/6. Using v'(S) = (0u'(0)/1 +_a) one
obtains Wj(Sq) > ((1 — B)u'(0)/1 + ), and this gives the inequality. O

We are now ready to show:

PROPOSITION 4. There exists a positive stock preserved at the stochastic
steady state defined by (21), which we denote Sg.

Proof. Equation (21) defines a stochastic steady state. Multiplying both
sides by u'(0) and using Proposition 2 this can be rewritten as:

o/(8p) — v/(Ss) = = [u'(0) — W5(Ss) — g (Wa(Ss) — Wh(Ss))]
according to which the difference in the marginal utility of the stock between
the deterministic and the stochastic steady state is always positive. To see
this, note that:
‘U'(SD) - ’U’(Sg) = -—u’(O)B(Ss,O)
so that the sign of v'(Sp) — v'(Ss) depends on the sign of B(Ss,0). To
evaluate such a sign note that:

B(5,0) = u'(0) — ¢W,(S) + gWp(S) — Wp(S)
= u/(0) — Wh(S) + g [Wh(S) - W,;<S)] .

The second term W5 (S) — W, (5) is always negative. The term u'(0) — W5 ()
is equal to zero if S = S, is positive if S > Sz and negative if S < Sj.
Therefore at Sz B(Sg,0) is negative. At § = S, instead B(S,,0) =
w(0) = Wj(Sa) + g [W(Sa) = w'(0)] = (1 - g) [w(0) - Wj(Sa)]. To
give a definite sign we need to show that «'(0) — W5(Sa) > 0. We need
therefore an upper bound for W(S, ). To obtain such a bound, suppose that
preferences are such that the utility function of the stock is (1 —3)v(S) and the
stock is Sa. It follows that the best use is consumption, i.e. Wg(Ss) = u'(¢)
where ¢ is current consumption. But +/(2) < u'(0) by concavity of the utility
function. Therefore, Wy (Sa) < u'(0). Hence /(0) — W5(Sa) > 0. There-
fore the function B(S;, ¢;) is non-negative at S, and the function A(S;,c;:) +

B(S}, c;) is negative at S and positive at S, and it has to change sign in the
interval. |

The previous proposition also allows us to characterize the connection between
the level of the stock in the stochastic steady state and the level of the stock
in the deterministic steady state. In fact:
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A

Figure 1. A is negative below Sp, zero at Sp and positive above. B is negative at Sg and
non-negative at Sy, so the sum must equal zero somewhere between S, and Sg.

" PROPOSITION 5. The level of the stock in the stochastic steady state, Sg

may be larger than, equal to or smaller than the level of the stock in the
deterministic steady state, Sp. For a small probability of a preference increase
it is less than Sp, and vice versa.

Proof. The figure shows that the function A(S,0) is equal to zero for
S = Sp, positive for § > Sp and negative for S < Sp. The function
B(S,0) instead may be either larger or smaller than zero when evaluated at
S = Sp. For example, when ¢ = 0 one has v’ (0) = W5 (Sp) > Wy(Sp). It
follows that when ¢ = 0 at S = Sp one has A(Sp,0) + B(Sp,0) > 0 so
that the intersection with the horizontal axis, which defines the level of the
stock corresponding to the stochastic steady state, is to the left of Sp. O

4.1. A Comparison between the Two Models

In the model with environmental assets as source of utility, uncertainty about
future preferences may give rise to a path of consumption of resources which
implies an increase or a decrease in the total use of resources with respect to
the total consumption under the certainty of no change. No equivalent result
could be obtained in the previous model, where all the stock was eventually
consumed due to the absence of a steady state.

Note that with utility depending on the stock it is difficult to analyze the
consequences of symmetric uncertainty, which can again be defined as the
constancy of the expected utility of wealth. In the model with the stock in
the utility function in fact the two marginal valuation functions do not have a
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simple relation to each other given that the total use of the stock is different
in the two states of the world.

Notice also a fundamental difference in the specification of the two models:
when the stock is in the utility function it is always possible to consume at a
future date with a utility function which is not affected by uncertainty, as it
is assumed that there is no change in the direct utility of consumption. This
provides a hedge against the bad state of the world, to the extent that a low
utility of the stock in itself simply suggests to the policy-maker the optimality
of consuming a larger fraction of the remaining stock, deriving from this a
utility that has not been affected by the change. Our conjecture, which cannot
be proven formally at this stage, is that this characteristic promotes a more
conservative usage policy, in the same way as the introduction of a riskless
asset always increases savings on the part of a risk-averse agent.

5. Shadow Prices and Option Values

This section discusses the connections of our model with the definitions of
option value given in the environmental resources literature.? Such definitions
involve both taxes aimed at inducing a myopic decision-maker to take an
optimal decision and comparisons of value functions of optimal and sub-
optimal problems.

The effects of uncertainty about preferences on the consumption policies
are reflected in the effects on the shadow prices associated with consumption.
The first order conditions can be evaluated at the equilibrium quantities in
order to find the market price that would induce the agent to follow a policy
leading exactly to those quantities. It follows that at each point of the planning
horizon one can compare the market price for the case where the change in
preferences is ignored with the market price for the case where the possibility
of new preferences is taken into account.

In the specification where uncertainty about future preferences only
involves the flow of utility, there may or may not be any effects on com-
petitive prices. It has been shown that there are no effects in the case of
symmetric uncertainty, as the optimal solution under uncertainty corresponds
to that under certainty, with no change in shadow prices. In the case of uncer-
tain preferences but certain timing instead it was observed that the optimal
policy changes in an intuitive way, depending on the direction of the shift in
preferences, anticipating (postponing) consumption in the case that a wors-
ening (improving) of utility is anticipated. In this case the shadow price is
also different from the one holding under certainty.

The difference in the prices can then be interpreted as a tax that should
be imposed on the myopic decision-maker in order to induce him to adopt
the optimal policy which takes into account the possibility of a change in
preferences. A way to ‘interpret such a change is in terms of the price that
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a benevolent and fully-informed dictator should impose on myopic private
agents in order to induce them to internalize the possibility of a change in
preferences.

Consider as an example a case of asymmetric uncertainty in the model for
the environmental asset, where the optimal stochastic policy deviates from the
optimal deterministic policy assuming no change of preferences. Assume, for
the sake of the argument, that it is optimal to decrease current (time 0) con-
sumption so as to reach a stochastic steady state with a stock which is larger
than the stock which would obtain in the deterministic case. Then the (posi-
tive) difference in the prices of the stochastic and the deterministic problems
may be considered a tax that must be imposed on the private agents in order to
take into account the dynamic externality when deciding their consumption
path. A positive tax should be put on consumption of environmental assets to
induce myopic decision-makers to slow down the rate of deletion of the stock.
Such a tax resembles the “development tax” that is sometimes suggested in
the environmental literature in cases of irreversible consumption.

The difference in the shadow prices between the solution which ignores and
the solution which takes into account uncertainty is also connected with the
definition of option value given in the environmental literature. This literature,
as was pointed out in the introduction, has largely been based on very simple
two-period discrete choice models. In the context of such a models there is
a one-to-one relationship between the value function of the problem and the
shadow prices of the problem. In fact, in these models the tax on development
is also the measure which equates the value functions of a problem under full
information and a problem with less information.

For example, Henry [17] defines the option value, for the case of a discrete
control variable, as the amount of consumption good that a person would
pay to have the possibility of making decisions taking into account all the
information. Paying this amount and then making the decision with full
information would leave her as well off as in the case where she has to make
all the decisions at the beginning of the planning period, before the uncertainty
is resolved. He shows that considering the value of information in this sense
tilts the decision towards a more conservative policy. Likewise, omitting this
value leads to under-conservation. As another example, Hanemann interprets
the option value as the difference between the value of the problem when
this is solved with a closed loop (CL) policy and the value of the problem
solved with an open loop policy, which may be a simple open loop (OL)
policy or a feedback open loop (FOL). He shows that in cases of discrete
control variables, such a value is always positive, because a CL policy takes
into account the state of the system while the OL policy does not. An OL
policy is therefore in general a sub-optimal policy when compared with a CL
policy.

The common characteristics of these examples are: (1) a comparison
between a model with full information and a model with partial information;
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(2) a comparison between the value functions of such problems; and (3) a
comparison between the shadow prices so as to induce a myopic decision-
maker to take a rational solution. In the more general models we have worked
with, (1) and (2) are still closely connected: we can compare optimal and
sub-optimal decision structures and then evaluate the value functions. How-
ever, (3) is not the same as (2): the change in the shadow prices at each point
in time is in general different from the difference in the value functions. It
is, therefore, necessary to distinguish more clearly what is meant by option
value. We believe (see also [13] for a similar opinion) that the definition
of option value connected with the difference in shadow prices is the most
relevant, at least from the point of view of environmental policy, because
affecting market prices is an important instrument for promoting sustainable
policies.

The relevance of shadow prices for environmental policy is well described
by the following example proposed by Graham-Tomasi [13]: “A resource
problem that illustrates most of the issues is the depletion of moist tropical
rainforest. The resource stock has value both for its timber and the agricultural
land (or other uses) it may be converted to, as well as for the ecosystem
services it provides and the biodiversity it contains. The values of the goods
and services provided by a tropical forest in its natural state are not well known
in comparison with our understanding of the value of harvested timber and
agricultural products . . . The basic idea of quasi-option value, then, is that the
mere prospect of improved research programs on the value of moist tropic
forest ecosystems, even allowing for the possibility that they may find that
such forests are less valuable than we now believe, should lead to greater
conservation of such forests”. '

6. Conclusions

We have analyzed the problem of making irreversible decisions in a situation
where preferences may change in the future, after the irreversible decision
has been made. Following [1, 7, 20, 26], we have used this as a framework
for thinking about the conservation of environmental assets and deriving an
option value. Contrary to most of the papers in the literature, we have worked
with a general model in which there is a possibility of a quantum increase
in the intensity of preference for environmental goods at an unknown future
date. The present generation does not know the preferences of its successors
and wishes to allow for the possibility of them having a greater valuation of
the environmental good. We have studied the change in the shadow price of
the environmental asset as a result of the possibility of a preference change.
Perhaps the most interesting conclusion is that in the present framework
uncertainty about futyre preferences, including the possibility of an increase
in the strength of the preference for the environmental good, is not on its own
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a source of a conservation motive. It is only asymmetric uncertainty that leads
to these conclusions. In other words, it is not sufficient for a positive option
value that we believe that future generations may have a stronger preference
for environmental goods: we have to believe that on average they will do so.

A. Appendix

A.l. Marginal Utility of Wealth

In the next Proposition we establish a simple identity that was used in earlier
computations. It shows that the derivative of the state valuation function with
respect to the remaining stock at time T, is equal to the marginal utility of
consumption at time 7" along a path which is optimal according to the utility
function which applies from T on.

PROPOSITION 6. Let W¢(St) be defined as in (6). Then (dW/dSt) =
(du(c)/dcy) = pr, where c} is the optimal consumption path from time T
onwards and pr is the shadow price of the stock St at time T.

Proof. Without any loss of generality we shall set T = Oand W = W(Sp).

dw d °° -5t ' / ” }
dSo  dSo {max/o uler)e™"di subject to 0o 4= %
w hd —
-4 {/ u(ct)e % dt where €0 and ¢p = sk by (7)}
dSo \Jo €

d [ [, (=59 (5/n)t> —at }
dSo{/o u( " e e % dt

= _/°° dulct) e—5t+(5/ﬂ)t§.dt
0o dc n

o0
_ dule) § ] el8/7% 4t using (9) for the problem in (6).
dc nJjo
The equality with p follows from the first order condition (9), applied to
the problem (4). This completes the proof. =]
Notes

1. For mathematical details, see [9].

2. w/R is of course the probability of the change in preferences occurring at t given that it
has not previously occurred.

3. See[13] for a general discussion of this point.
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