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1 Introduction

Global environmental indicators highlight increasing degradation in many fields such
as biodiversity, climate change and non-renewable resource scarcity (e.g. MEA 2005,
IPCC 2007, UNEP 2007). This trend has intensified concerns about intergenerational
justice and brought the concept of sustainable development in the design of public policy
(e.g. WCED 1987). For instance, advocates of “climate justice” demand the equitable
distribution of the benefits and damages from COs-emissions between developing and
industrialized countries as well as between historic and future emitters (Neumayer 2000).
The challenge for sustainability policy is therefore to realize an efficient and intergener-
ationally just allocation of resources.

Achieving intergenerational justice and efficiency simultaneously may not always be
possible as redistribution might incur an equity-efficiency trade-off. Such a trade-off is
familiar from the attempt to achieve intragenerational equity in social policy: the quest
for equal utility levels (equity) incurs a (first-best) Pareto-inefficient allocation (Put-
terman et al. 1998, Le Grand 1990), because of different mechanisms such as incentive
distortions or administrative costs. Thus, the question emerges whether policies aiming
at sustainability are likewise subject to an intergenerational equity-efficiency trade-off.

Following the intuition from the second welfare theorem, Howarth and Norgaard
(1990, 1992) show that in an overlapping-generations-model both equity and efficiency
can be achieved intergenerationally, given a set of public policies such as Pigouvian taxes,
intergenerational transfer payments and the assignment of resource rights between gen-
erations. Krautkraemer and Batina (1999) find that a non-decreasing-utility constraint
in a model with a renewable resource can lead to Pareto-inefficient overaccumulation of
the resource. In that case, all generations could be made better off by allowing decreas-
ing utility over time. Gerlagh and Keyzer (2001) compare different policy instruments
for the sustainable intergenerational distribution of resources and find that a trust fund

in which all natural resources and ecosystem services are administered that can be pro-

!Sustainability policy goes beyond mere internalization of intertemporal externalities but aims at

intergenerational equity (Pezzey 2004, Baumgértner and Quaas 2010).



duced sustainably, leads to a Pareto improvement compared to a zero-extraction policy.
Considering uncertain future outcomes and preferences, Krysiak (2009) finds a trade-off
between protecting future individuals from potential harm (sustainability) and thereby
abstaining from actions that would have made everyone better off (efficiency).

In this paper, we investigate how an intergenerational equity-efficiency trade-off in
sustainability policy emerges from the genuine character and mechanisms of intergener-
ational policy-making. We employ a two-non-overlapping-generations model that com-
bines an intragenerational production decision on the use of circulating capital and a
non-renewable resource, with a negative intergenerational externality. Compared to
intragenerational policy-making, there are two salient characteristics of sustainability
problems and policy: (i) temporal irreversibility (Baumgéartner 2005), i.e. the inability
to revise one’s past actions; (ii) “closed ignorance” (Faber et al. 1992) or “unawareness”
(Dekel et al. 1998), i.e. future consequences of present actions may be “unforeseen con-
tingencies” (Dekel et al. 1998), also known as “unknown unknowns” (Rumsfeld 2002).

An important case in point is the current discussion of “climate justice”, and here
especially equity between historic and future emitters. The first generation in the model
represents historic emitters (e.g. Europe and North America) who irreversibly used non-
renewable fossil fuels for the production of consumption goods and, in the process,
emitted greenhouse gases that lead to significant climate change. These actions were
taken under initial unawareness of the effects of greenhouse gases on climate change. The
second generation in the model represents future emitters (e.g. China and India) who
find diminished stocks of fossil fuels and also suffer the damages from climate change.
The crucial challenge now is that climate policy is being shaped and implemented af-
ter historic production and emissions have already irreversibly taken place. While the
amount of fossil fuels used for production in the past is irreversible, it is still possible
to invest part of the historic emitters’ output in capital for future emitters in order to
address the concern for distributional equity.

We demonstrate that policy-making faces a fundamental trade-off between Pareto-
efficiency and sustainability: one can achieve either one of these two goals, but not

both, if policy-making is done initially under unawareness and can be adjusted only



after irreversible actions were made. That is, under these conditions one falls short
of capturing the maximal potential utility. For climate policy this means that any
attempt to achieve climate justice between historic and future emitters necessarily leads
to Pareto-inefficiency, and Pareto-efficient policies will not be equitable.

The paper is organized as follows. Section 2 introduces the model. In Section 3,
the normative criteria of sustainability and Pareto-efficiency are defined. In Section 4,
the effects of temporal irreversibility and unawareness on policy-making are examined.
Section 5 concludes and discusses the question of what criteria could provide orientation

under irreversibility and unawareness.

2 Model

There are two successive, non-overlapping generations ¢ = 1,2. Both have identical
preferences over consumption C; represented by a monotonic and concave utility function
Us = U(C}). Generation 1 is endowed with stocks of circulating capital and a non-
renewable natural resource, with both stocks normalized to 1. Both generations use
amounts K; and R; of capital and resource for the production of some intermediate
good, Y; = F(Ky, R;), where F is concave and exhibits positive and decreasing marginal
products of both capital and resource input, Fxr,Frr > 0, and capital is essential for
production, F'(0, R;) = 0. Of course, in the absence of any regulation generation 1 will
use its capital stock completely K; = 1. The intermediate good thus produced in t =1
can either be directly consumed by generation 1, or it may be transferred to generation 2
as circulating capital Ko:

Oy = F(1,R) — K, (1)

Generation 2 will use all it inherits from generation 1 in production, Ky and Ry = 1— Ry,
and it will consume the entire amount of the intermediate good produced in ¢ = 2.

The first generation’s use of the resource in production causes damages D(R;) to
the second generation, i.e. it diminishes the availability of their social product for con-
sumption,

Cy = (1 — D(R,))F(Ky,1— Ry) (2)
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with marginal damages being positive and increasing, D'(R;) > 0 and D”(R;) > 0, and
total damages in the range 0 < D(R;) < 1 for all Ry > 0 and D(0) = 0. To account
for uncertainty on this actual fact, let x € {0,1} denote the state of information on
damages. Expected second-generation consumption, contingent upon (un)awareness,
then is:

02 = (]_ — HD(Rl))F(K27 1-— Rl) . (3)

Initially, i.e. before actual production, generation 1 is unaware of any potential future
damages, k = 0, and is not even aware of its ignorance, but firmly believes that its re-
source use does not entail any future damages. That is, they are in a state of “ignorance”
(sensu Faber et al. 1992). Thus, future damages are what has been called “unforeseen
contingencies” (Dekel et al. 1998) or “unknown unknowns” (Rumsfeld 2002). Only after
production by generation 1 has taken place, this unawareness is resolved and the full
extent of damages becomes apparent, kK = 1.

A social planner aims at (1) Pareto-efficiency across generations and (2) sustainabil-
ity, i.e. non-decreasing utility over time. She acts during the first generation’s lifetime
and shares the same information as the first generation. In order to achieve her two
goals, the social planner has two policy instruments at hand: (1) she can restrict re-
source use of generation 1, Ry, by an upper limit r; (2) she can oblige generation 1 to
transfer at least k£ out of its intermediate product, Yi, to generation 2 as capital, Ks.

The exact time structure is as follows. There are three time stages: t = la, t = 1b
and t = 2. Generation 1 lives in the first two of these, generation 2 lives in the last
one. In the first stage t = la, generation 1 chooses its capital input K, resource input
R, and capital transfer K5 so as to maximize its own expected consumption C subject
to restrictions imposed by technology and policy. At this stage, the social planner may
restrict resource use by r and make generation 1 plan with a minimal capital transfer
of k. Production takes place in this stage, so that the inputs are irreversibly sunk, but
as production takes time, the output is not turned out before the next stage. In the
second stage t = 1b, output Y] of the intermediate good becomes available for use. At
the same time, uncertainty is resolved and the future damages D(R;) from using the

resource in production become fully apparent. In reaction to this information, the social



planner can adjust her policy at this stage. As production by generation 1 has already
taken place and resources R; are irreversibly sunk, she cannot revise the restriction on
resource use any more. However, she can still adjust her second policy instrument and
force generation 1 to transfer a higher amount k£ out of its intermediate good, thereby
reducing generation 1’s consumption C; and increasing generation 2’s consumption Cb.
Generation 1 cannot revise its production decision anymore at this stage, as the inputs
are irreversibly sunk. In the third stage ¢ = 2, generation 2 derives utility from its
production of the intermediate good Y3, which is entirely consumed in this same stage,

with a reduction due to the damages caused by generation 1’s resource use.

3 Definitions

First, we need to distinguish three definitions of feasibility as there are irreversibility,
unawareness, and at a later stage awareness about future damages in the model. Ex-ante
(ex-post) feasibility refers to those allocations that are deemed feasible at ¢t = 1a under
unawareness (awareness) of future damages. Reduced feasibility refers to those alloca-
tions that are feasible at ¢t = 1b, i.e. under awareness, after one has acted irreversibly at

t = la. In the following we denote an allocation by X = (K1, Ry, Y1, C, Ky, Rs, Y2, Cy).

Definition 1 (Feasibility)

An allocation X is called ez-ante (ex-post) feasible if

OSKI S 17 OSKQ SF(K17R1>7 R1+R2 S 17 R17R2 207
Cl = }/1 _K27 }/1 = F(K17R1)7
Cg :}/2: (1—/€D(R1))F(K2,1—R1) with kK =0 (KJ: 1) (4)
For any 0 < K; < 1,0 < R; < 1, and thus Y] = F(K;, R,), realized at t = la, an
allocation is called reduced feasible if
0< Ky <F(K,R) ,Ry<1—-R; Ry, >0,
Cl :?1_[(2’
Cy = Vs = (1= D(B) (K, 1 — Ta). (5)



We understand the terms “sustainability” and “efficiency” as follows. Sustainability
is defined as equal utility over time — the minimum requirement for the usual notion
of sustainability as non-decreasing utility over time (Howarth 1995). With appropriate

specification of the state of information, the criterion is as follows.

Definition 2 (Sustainability)
An ex-ante (ex-post) feasible allocation X is called ez-ante (ex-post) sustainable if and

only if it is yields

U, = U (6)
where Uy = U(F(Ky, Ry) — Kb) (7)
and Uy = U((1 —kD(Ry))F(Ks3, Ry)) withk =0 (k=1) . (8)

Similarly, efficiency is defined in an information-and-irreversibility-differentiated man-
ner in the sense of Pareto-efficiency. FEx-ante efficiency means that one cannot make
a generation better off without making the other worse-off under unawareness of the
damages from resource use before any irreversibility in resource use has taken effect.
This is the relevant efficiency criterion to guide policy-making in t = la. FEz-post effi-
ciency refers to the hypothetical case where there is awareness of the damages initially,
i.e. before any irreversibility has taken effect, so that policy can be fully adjusted to
future damages. Thus, it indicates the maximal potential utility in the system that is
obtainable under awareness of the inevitable damages of resource use.

As a consequence of irreversible resource use in t = la, there is a reduced set of
feasible actions in ¢ = 1b. This irreversibility has to be taken into account by the
policy-relevant efficiency criterion at this stage: reduced-feasibility efficiency encom-

passes irreversibility and awareness of damages.

Definition 3 (Efficiency)

a) An ex-ante (ex-post) feasible allocation X is called ez-ante (ex-post) efficient if and
only if there exists no other ex-ante (ex-post) feasible allocation X’ for which U] > Uy
for t = 1,2 and U} > U, for at least one t.

b) Contingent on K; = K1, Ry = Ry,Y: =Y, areduced feasible allocation X is called



reduced-feasibility efficient (for short: RF-efficient) if and only if there exists no other
reduced-feasible allocation X’ with K| = K|, R} = R;,Y; =Y, for which U} > U, for
t =1,2 and U] > U, for at least one ¢.

With this definition, efficient allocations are characterized as follows.

Lemma 1
An ex-ante (ex-post, reduced) feasible allocation X is ex-ante (ex-post, reduced) efficient
if and only if it meets the following conditions:

(i) Ex-ante efficiency:

Fr(1,R)Fr(Ks,1 — Ry) = Fr(Ky1—Ry), 9)

F(Ky1—R) = C withCelo,0" "™, (10)

(ii) Ex-post efficiency:

Fr(1, R\)F(Ks,1 — Ry) — D'(R))F(K2,1 — Ry)/(1 — D(R)) = Fr(K2,1— Ry),
(11)

(1= D(R)))F (K3,1 — Ry) =C with C €[0,C ],
(12)

(iii) Reduced-feasibility efficiency:

— RF,max

(1—D(R))F(Ky,1-R;) = C with C€[0,C ], (13)

where C'is an intergenerational distribution parameter with C' € [0, 6i’max], i€ {EA EP RF}.

Proof. See Appendix A.1. m

As consumption is the only good in the model, the intergenerational distribution
parameter C' determines not only consumption, but also utility levels. It can attain
any value between 0 (all potential utility in this system is with generation 1, none with
generation 2) and some o (all potential utility is with generation 2, none with
generation 1), so that there exist infinitely many efficient allocations satisfying these

characterizations. Conditions (9), and (11) state that the marginal gain in consumption



for generation 2 from either of the following two alternative uses of the resource should be
equal: (LHS) giving the additional resource to generation 1 as input into production, and
then transferring the entire additional amount of the intermediate good thus produced
as capital into generation 2’s production; (RHS) giving the additional resource directly
to generation 2 as input into their production. While Condition (9) expresses this
without taking damages into account (k = 0), Condition (11) states the same for the
case where the damages are known (k = 1) and taken into account from the beginning.?
Condition (13) states that varying C determines the RF-efficient capital transfer K,
which generates the set of RF-efficient allocations.

One can illustrate the efficient allocations through continuous and monotonically
decreasing utility frontiers Us(Uy) in utility space (Figure 1). Unawareness (awareness)
at t = la about the damages yields the ex-ante (ex-post) utility frontier which runs

EA EP.
from U, ™ (U, ™) to Umee.

Lemma 2
The ex-post utility frontier is the envelope of the reduced-feasibility utility frontiers that
result for all R; € [0, 1].

Proof. See Appendix A.2. n

The ex-post utility frontier forms the envelope of all RF-utility frontiers. The RF-
utility frontier depends on the actual realization of Ry = R; at t = la and runs from
U o U™ Due to the envelope property of the ex-post frontier and unaware-
ness about factual damages, the ex-ante and ex-post frontiers both Pareto-dominate

the RF-utility frontier. In the same figure, sustainable allocations are represented as a

45°-line from the axes.

4 Results

Under a laissez-faire policy the first generation will use up its entire circulating capital

K? = 1, exploit the total amount of the resource R? = 1, and will not provide a capital

2As (11) differs from (9), ex-ante efficient allocations are, in general, ex-post inefficient.



transfer to the next generation, KJ = 0. As a consequence, the first generation is
better-off than the second one UY > U, as CY = F(1,1) > 0 and C9 = F(0,0) = 0
(illustrated by X in Figure 1). While this laissez-faire allocation is efficient by any
notion of efficiency, it is not sustainable. This motivates sustainability policy by the
social planner.

Sustainability policy has to follow the time structure laid out in Section 2. At t = 1la,
the social planner devises a policy mix of restrictions on resource use and a capital

transfer which should lead to an ex-ante efficient and ex-ante sustainable allocation.

Proposition 1 (Ex-ante sustainable and ex-ante efficient policy)
At time t = la, there exists a unique policy mix (7, /%) that leads to an allocation
X which is both ex-ante sustainable and ex-ante efficient. It is characterized by the

following necessary and sufficient conditions:

Fr(1,?)Fg(k,1—7) = Fr(k,1—7), (14)
FOLF) —k = F(lm—f) . (15)
Proof. See Appendix A.3. O]

In climate policy, the policy mix (7, /;;) refers to the situation under which production
and consumption of the historic emitters took place. The use of fossil fuels was thought
to be harmless as the effects of greenhouse gases on the atmosphere were unknown
unknowns. Future emitters were thought to be at least equally well-off due to capital
transfers and the ability to use the remaining fossil fuels. Yet, with the first report of
the IPCC (1990) there was strong evidence that anthropogenic climate change was real
and of relevant magnitude, and estimates of the damages due to historic greenhouse-gas
emissions became available.

Thus, in the second stage ¢t = 1b the damages from resource use D(R;) are known,
k = 1. Obviously, not adapting the policy mix (7, /2:) to the new findings would result
in an ex-post unsustainable allocation, with generation 2 worse-off than generation 1,
as U(F(1,7) — k) > U((1 — D(#))F(k,1 — 7)). Therefore, the social planner must

adapt her policy mix to ensure ex-post sustainability. However, production of the first
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generation of Y, = F (K 1, Rl) has already taken place and inputs are irreversibly sunk.
The only viable instrument is, therefore, to increase the minimum transfer of capital
from generation 1 to generation 2, k > k. As this does not allow the achievement of ex-
post efficiency, the policy maker faces the following fundamental sustainability-efficiency

trade-off.

Proposition 2 (Sustainability-efficiency trade-off)
In general, and in particular for the ex-ante efficient and ex-ante sustainable policy (7, l;:),
policy-making at time ¢t = 1b faces the following trade-off between ex-post efficiency and

ex-post sustainability:

(i) there exists no policy mix (r = 7, k) that yields an allocation that is both ex-post

efficient and ex-post sustainable, but

(i) there exists a unique policy mix (7 = 7, k) with k& > k that yields an allocation X

that is ex-post sustainable but not ex-post efficient, and

(iii) there exists another unique policy mix (r* = 7 k*) with k* < k that yields an

allocation X* that is ex-post efficient but not ex-post sustainable.
Proof. See Appendix A.4. O

The intuition behind this result is as follows. Despite the damages the social planner
can still achieve an ex-post sustainable allocation at time ¢ = 1b by adjusting her policy
mix (Proposition 2 ii). This requires generation 1 to transfer more of its intermediate
product as circulating capital to the second generation than originally planned, k> k.
As this transfer would exceed the one originally deemed necessary for sustainability and
generation 1’s production is irreversible, Condition (11) for ex-post efficiency is violated.
Still, sustainability is achieved in spite of the damages and the irreversibility of resource
use, as U(Cy) = U(F(1,7) — k) = U((1 — D(7)F(k,1 — 7)) = U(C,). In climate
policy this corresponds to a higher transfer of capital from historic to future emitters to
compensate them for (previously unknown) damages from climate change.

Alternatively, an ex-post efficient allocation X* can be achieved, by decreasing the

capital transfer in t = 1b, i.e. k* < kand r* =7 (Proposition 2 iii). It is, however, not ex-
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post sustainable as U(CY) = U(F(1,r*)—k*) > U((1-D(r*))F(k*,1—r*)) = U(C3). For
climate policy this would mean a lower capital transfer and therefore no compensation
to future emitters for damages from climate change. As the minimum capital transfer
k is the only remaining policy variable at time t = 1b, and k = k would ensure ex-
post sustainability while any k # k leads to ex-post inefficiency, there exists no k that
achieves both ex-post sustainability and ex-post efficiency (Proposition 2 i).

Despite this fundamental trade-off in policy-making with the two policy instruments
studied here — a limit r on resource use by generation 1 and a minimum capital transfer &
from generation 1 to generation 2 — there exists, in principle, a reduced feasible allocation

that is both ex-post efficient and ex-post sustainable.

Proposition 3 (Bliss)

There exists a unique policy mix (rB!ss EBls) that yields an ex-post efficient and ex-post
sustainable allocation X P/ which is reduced feasible, that is, feasible under unaware-

ness and irreversibility.
Proof. See Appendix A.5. O

This result mirrors the one from the intragenerational equity-efficiency trade-off
where a first-best efficient and equitable allocation is feasible under all physical con-
straints, but not achievable with given instruments of social policy.

The various policies are illustrated with regard to sustainability and efficiency in
Figure 1. The laissez-faire allocation X° without policy interference is unsustainable,
but ex-ante and ex-post efficient. The ex-ante efficient and ex-ante sustainable alloca-
tion X that results from policy (7, l;;) in t = la lies at the intersection of the ex-ante
utility frontier (dashed curve) with the sustainability line (45°-line). When damages to
generation 2 become apparent in ¢ = 1b and the capital transfer is reduced to k*, this
allocation becomes the ex-post efficient, yet ex-post unsustainable allocation X*.

All possible redistributions through a capital transfer k from generation 1 to gen-
eration 2 at t = 1b after irreversibility in resource use 7 has taken effect, generate the
RF-utility frontier (solid curve). Depending on whether the transfer is increased k > k

or decreased k < k one moves along the RF-utility frontier closer or further away from
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Figure 1: Tllustration in the space of future utility U, and present utility U; of sustain-
able allocations (45°-line); ex-ante efficient allocations (EA, dashed); ex-post efficient
allocations (EP, dotted), including the ex-post efficient and ex-post sustainable allo-
cation XB5%; and reduced-feasibility efficient allocations (RF, solid), highlighting the
trade-off between an ex-post sustainable allocation X and an ex-post efficient allocation

X

the sustainability line. The RF-utility frontier lies strictly below the ex-post utility
frontier (dotted curve) except at X* where both coincide (for £ = £*). This RF-utility
frontier allows attaining the ex-post sustainable, yet ex-post inefficient allocation X.
Beyond the RF-utility frontier, there exists the ex-post sustainable and ex-post efficient
allocation X B at the intersection of the ex-post utility frontier and the sustainability
line.

The trade-off between ex-post sustainability and ex-post efficiency at stage ¢t = 1b

consists in the impossibility to reach both goals at once, i.e. the social planner must
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choose between the ex-post efficient allocation X* and the ex-post sustainable alloca-
tion X. She can also choose any combination of the two on the RF-utility frontier.
Without irreversibility or unawareness there would be no such trade-off: if there were
no irreversibility the ex-post utility frontier would be attainable in ¢ = 1b as the pol-
icy mix could easily be adjusted to the previously unknown damages. If there was no
unawareness of future damages the social planner would simply choose a sustainable
allocation on the ex-post utility frontier in ¢ = 1la. Here, irreversibility would not be an
issue as sustainability problems would be apparent from the very beginning.

On a more general note, Figure 1 illustrates the welfare loss due to the combination
of irreversibility and unawareness. This is represented as the difference between the EP-
utility frontier that indicates the maximal potential utility and the RF-utility frontier
that indicates achievable allocations after irreversible actions were taken. It becomes
clear that every irreversible action (such as e.g. the depletion of natural resource stocks,
or the generation of persistant pollutants and wastes) implies a welfare loss if an initially
unknown negative effect becomes apparent at a later stage. This is due to the fact that
correcting an irreversible decision afterwards is done with even more limited means as

some resources have irreversibly been used.

5 Conclusion

We have studied the question of whether there exists a mechanism genuine to intergen-
erational policy-making that causes an intergenerational equity-efficiency trade-off. We
found that sustainability policy that acts under a combination of temporal irreversibility
and unawareness faces such a trade-off between efficiency across generations and inter-
generational equity. Hence, in general it falls short of capturing the maximal potential
utility from the system.

This result is relevant for current climate policy. Policies that want to achieve sus-
tainability after damages were initially unknown (unawareness) must respect that past
actions cannot be undone (temporal irreversibility), and that redistribution therefore

faces a trade-off between efficiency and sustainability. For the case of climate justice —
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where climate policy is enacted after production and emissions have already irreversibly
taken place — this means that there is a trade-off between equity and efficiency among
historic and future emitters. Policymakers therefore need to be aware of the fact that
pursuing sustainability as the overriding priority sacrifices efficiency, and that prudent
policymaking requires a prior debate on how to balance these two conflicting goals.

Our result is very general and holds way beyond the model studied here and beyond
the case of climate policy. For, one simply cannot think of intergenerational policy-
making that is not subject to irreversibility and unawareness. Hence, any intergen-
erational policy-making is, in general, subject to an intergenerational equity-efficiency
trade-off. For instance, this holds also for industrial and technology policy, or the design
of pension systems.

This raises the question of how one should act in the face of irreversibility and
unawareness. Policy that explicitly aims at the two normative objectives of equity and
efficiency at all stages of history cannot attain both of them. Yet, as a “bliss” allocation
is actually feasible, even under irreversibility and unawareness, one would expect relevant
normative criteria to guide us there. But there exist no such relevant normative criteria
to guide action in the second-best world in which one necessarily acts. With respect to
these two normative objectives one is without orientation.

Against this background, two conclusions emerge: First, beware of unawareness. In
such instances orientation can come from weaker normative objectives. They should
build on conceptions and variables of which one is not fundamentally unaware, but of
which one can — with good epistemological reasons — believe to have more knowledge.
For example, sustainability as considered here — non-declining utility over time — is a
very knowledge-demanding criterion, because it requires full knowledge of future prefer-
ences, production technology, system dynamics, etc. A weaker criterion of sustainability
could be that of equal satisfaction of basic needs only (sensu WCED 1987). Knowledge
demand for assessing this criterion is considerably lower, and less prone to fundamen-
tal unawareness, as one does not need to know individual preferences. Likewise, one
could consider weaker and less knowledge-demanding criteria of efficiency than Pareto-

efficiency, e.g. non-wastefulness in production and transfer.
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Second, beware of irreversibility. As irreversibility reduces the possibilities of reacting
to unforeseen developments — both negative and positive — one would be better off with
less irreversibility. And irreversibility may indeed be evident ex-ante and a matter of
choice. For example, technologies of electricity production, e.g. from wind or nuclear
fuels, clearly differ in terms of irreversibility.

Nevertheless, analyzing the efficiency of instruments in sustainability policy (as e.g.
in Gerlagh and Keyzer 2001) is still indispensable. Describing and quantifying the
trade-offs between sustainability and efficiency helps to outline the limits for the design
of concrete policies. After all, we do not want to pay more for sustainability than

necessary — even in the face of irreversibility and unawareness.
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Appendix

A.1 Proof of Lemma 1

As consumption is the only good in the model, Pareto-efficiency can be analyzed on
the level of consumption. Thus, the intergenerational distribution parameter C' equally
determines the utility levels.

(i) An ex-ante feasible ex-ante efficient allocation is the solution to

max Cl s.t. 02 Z 6, Cl = F(Kl,Rl) — KQ, CQ = F(KQ,RQ), Rl + R2 = 17 K1 = 1,

K1,R1,K2,R2

(A.16)
with the Lagrangian £ = F(1, R;) — Ky + A\ (F (K3, 1 — R;) — C). Obviously, in the
optimal solution the constraint C, > C must hold with equality. The necessary first

order conditions then are:

0L

ﬁ — FR(l,Rl)—f—)\lFR(KQ,l—Rl)(—l):(), (Al?)
1

oL (=1) + M Fg(Ky,1—R) =0 (A.18)

OKQ - 1'K 2 1) — ) .

oL _ F(Kyy1—R))—C=0. (A.19)

O\
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Rearranging (A.17) and (A.18) and eliminating A\; by dividing the two, one arrives
at (9). (A.19) yields (10). These conditions are also sufficient, as the optimization
problem (A.16) is strictly convex.
(ii) An ex-post feasible ex-post efficient allocation is the solution to
o max Cyst.Cy>C, Oy = F(Ky,R)) — Ko,

CQ == (1 - D(Rl))F(KQ, Rg), R1 + R2 - 1, K1 == 1, (AQO)

with the Lagrangian £ = F(1, Ry) — Ko+ X2 ((1— D(Ry))F(K2,1—Ry) — C). Obviously,
in the optimal solution the constraint Cy > C must hold with equality. The necessary

first order conditions then are:

% = Fr(L, R) + X(=D'(R1)F(Ky, 1 = B) + (1 = D(Ry)) F (K2, 1 — Ry)(—1)[(A:21)
0L

gk = D+ (= D(R))Fic(Ro, 1= Ba) =0, (A.22)
ng = (1-D(R))F(Ks,1—R;)—C=0. (A.23)

Rearranging (A.21) and (A.22) and eliminating A\; by dividing the two, one arrives
at (11). (A.23) yields (12). These conditions are also sufficient, as the optimization

problem (A.20) is strictly convex.
(iii) A reduced feasible RF-efficient allocation with given K; = K;, R; = R, is the

solution to

Il'[l(axcl s.t. 02 Z U, 01 = F(E, R_l) - KQ, 02 = (1 - D(E))F(K27E>, (A24)
Ri+Ry=1, K =1,0< K, < K;7™ = F(Ky, Ry)

with the Lagrangian £ = F(1, R;) — Ko+ A((1 — D(R;))F(K3,1— R;) — C). Obviously,
in the optimal solution the constraint Cy > C must hold with equality. The necessary

first order conditions then are:

0L

e ~14+ X1 — D(R)))Fx(Ky1—Ry) =0, (A.25)
g_f — (- D(R))F(Ks1-Ry)—C =0, (A.26)
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Choosing C' determines K, in (A.26). K, determines )\ in (A.25). Thus, (A.26) yields
(13). Varying C between ™" =0 and O by varying K, between 0 and KJ'** =
F(K1, Ry) generates the set of RF-efficient allocations.

A.2 Proof of Lemma 2

Decision problem (A.20) is the envelope to decision problem (A.24). Note, that this
analysis holds equally for utility as consumption is the only good in the model. To
prove this, define the value function v(K5) as the solution to the optimization problem
(A.20):

v(Ks) = F(1, Ry (K3)) — Ka. (A.27)

The derivative of v(K>) is:

Ov(Ky) ORy
oK, —FR(l,R1)a—KQ+( 1) (A.28)

From (A.20) define constraint function g(R;(K3), K3) = (1 — D(Ry(K3)))F(Ky, 1 —
Ri(K3)) — C which is 0 for all K.
From (A.21) we know:

9g(R1(K3), Ky)

Fr(1 =\ A2
r(1, R1) = Ao 9R, (A.29)
Inserting this into (A.28) leads to
aU(KQ) N 8g(R1(K2), Kg) 0R1
oK, Ao OR, By + (—1) (A.30)
As dg(Ry(K>), K3)/dKy = 0 this leads to:
Og(R1(Ks), Ka) ORy _ 0g(Ra(K), Ks) (A.31)

8R1 (9K2 aKQ
Inserting this into (A.30) this leads to:

Ou(Bz) _ | 09(Ba(f), Ky)
0K, 2 0K,

=—1—2((1 = D(R))Fr(K2, 1 — Ry))  (A.32)

For Pareto-efficiency the value function must be maximized which requires Ov(R;, K3) /0Ky =
0 and results the same condition as in (A.25). Therefore, the ex-post utility frontier

forms the envelope of the RF-utility frontier.
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A.3 Proof of Proposition 1

At time ¢t = la, the social planner sets (r, k), expecting — given her unawareness, kK = 0

— that both generations, when maximizing their individual consumption subject to con-
straints from technology and policy, end up in an allocation X = (K3, Ry, Y;, C1, Ky, Ry, Y3, Cs)
with

C, = F(l,r)—k (A.33)
Cy, = Flk,1—7). (A.34)

Note, that this analysis holds equally for utility as consumption is the only good in the
model. The social planner chooses (r, k) so that X is ex-ante efficient, i.e. it satisfies Con-
ditions (9) and (10) (Lemma 1(i)), and ex-ante sustainable, i.e. it fulfills Condition (6)
(Definition 2). With (A.33),(A.34) these conditions are

Flk,1—r) = F(1,r)—k (A.35)
FR(l,T)FK(k,l—T) = FR(k,l—T), (A36)
Fka1-7r) = C. (A.37)

There exists a unique value of C' € [0,C ] so that this system can be solved for
(7, k); with this value of C, (A.35)~(A.37) reduce to Conditions (14),(15) and (7, k)
is uniquely determined. To see this, note that C' determines (r,k). Think of C; as
a function of Cy (defined by A.33, A.34, A.36, A.37 through variation of C, where
C = Cy as shown in Appendix A.1(i)) and consider first the minimal and maximal
achievable consumption levels, indicated by CZ4™™ and CF4™* | respectively. Setting
C = 0 implies kFAmin — ( and rEAmin — 1 which yields CF4™* = F(1,1) > 0
and CPA™" — £(0,0) = 0. Setting C = O "™ implies kFAmar = [(1,pPAmaz).
Inserting kZ4me into (A.36) uniquely yields rE4mar go that CEA™" = p(1, pEAmar) _
kEAmaz — () and CFAMT — p(RFAmar | _ pEAmazy - () By (A.37) we know that
dk/dC = 1/Fx > 0 and dr/dC = —1/Fp < 0. As F(-,-) is concave (by assumption)
and C is decreased linearly by increasing k£ as in (1), increasing k and reducing r

. : - = —EA,
by the ex-ante efficient mix (A.36) via increasing C' from 0 to M Qecreases €
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monotonically from CF4™* to 0. As all functions involved are continuous Cy(C) is
continuous. Increasing C' simultancously increases Cy continuously and monotonically
from 0 to CF4™*  Thus, by the intermediate value theorem and monotonicity, there
exists a unique value of C so that the corresponding (7, l;;) yields C = Oy, i.e. it fulfills
(A.35).

A.4 Proof of Proposition 2

At time ¢ = 1b, resource use 7 = R; is already irreversibly sunk in production and
only the transfer of capital k can be adjusted. Note, that this analysis holds equally for
utility as consumption is the only good in the model.

(i) As noted in Appendix A.3 (7, k) meets Condition (9) so Fg(1,7)Fg(k,1 —7) =
Fr(7,1=7). Thus, (7, l;:) cannot meet Condition (11) for ex-post efficiency as Fr(1, F)Fr(k, 1—
7)— D' (F)F(k,1—7)/(1—D(7)) < Fg(k,1—7). Furthermore, (7, k) does not meet Con-
dition (10) for ex-ante efficiency due to the damages D(R;). Thus, no adaptation of the
ex-ante efficient and ex-ante sustainable policy (7, k) vields an allocation that is ex-ante

and ex-post inefficient and ex-post unsustainable as
F(1,7) — k> (1 - D(7)F(k,1 —7) (A.38)

Increasing k to some k* > k to move towards a sustainable allocation does not
allow to meet Condition (11). This is due to positive decreasing marginal utility in
both inputs, which leads to: Fg(1,7)Fx (kb1 —7) — D'(F)F(k’,1 — 7)/(1 — D(F)) <
Fr(1,7)Fr(k,1 —7) — D'(F)F(k,1 — 7#)/(1 — D(7)) < Fr(k,1 —7) < Fr(k’ 1 — 7).
Therefore, there exists no policy that is ex-post efficient and ex-post sustainable.

(ii) At time ¢ = 1b the social planner needs to resort to a higher capital transfer
k > k in her policy (7, k) to achieve sustainability due to the damages D(7). As shown
in (A.38) the second generation’s consumption level is, Cy = (1— D(7))F(k,1—7). With
this condition for the behavior of the second generation and the irreversible production

decision Y; = F(1,7) the effect of the level of capital transfer on utility can be derived
for generation 1: Cy = F(1,7) — k , (A.39)

for generation 2:  Cy = (1 — D(7))F(k,1 — ) . (A.40)

22



The social planner sets k so that X is ex-post sustainable, i.e. it fulfills Condition (6)
(Definition 2) and is on the RF-utility frontier, i.e. it fulfills Conditions (A.39) and
(A.40). As the production function is concave an increase of k& monotonically decreases
the generation 1’s consumption/utility level (A.39) while monotonically increasing the
generation 2’s consumption/utility level (A.40). Think of C; —Cy as a function of k and

, CFE™T along the

consider minimal and maximal achievable consumption levels C’tR Famin
RF-utility frontier in (A.39) and (A.40) with irreversible resource inputs 7 = Ry and 1 —
7 = Ry. Setting k = 0 leads to C[*"™* = F(1,7) > 0 and C2""" = (1 - D(#))F(0,1—
7) = 0. Setting k = kRF™ leads to, C[F™" = F(1,7) — kBFmar —  and O™ =
(1 — D(7))F(kBFmaez 1 —F) > 0. As F(K;, R;) is concave and C) is reduced linearly by

C{%F,ma:c o Cé%F,min

increasing k, increasing k decreases C7; — C5 monotonically from >0

to O _oftFmar - Ag all functions involved are continuous C; —Cl is continuous.
Thus, by the intermediate value theorem and monotonicity there exists a unique policy
mix (7, l%) with 7 = 7 that yields the allocation <I€1,]%1,}71, CA'l,Kg,EBQ,YQ, C’g) that is
both on the RF-utility frontier and ex-post sustainable, i.e. if fulfills Cy = C5. Therefore,
there exists a k for which Cy = F(1,7) —k = (1 — D(7))F(k,1 — 7) = C5. As shown in
Appendix A.4(i) for k > k, Condition (11) for ex-post efficiency is not met.

(iii) As shown in Appendix A.4(i) (7, k) does not meet Condition (11) and Ry = 7 is
irreversible. At time ¢ = 1b k can still be adapted in the range k € [0, kFP™e® = F(1,7)].

The social planner sets k so that X is ex-post efficient, i.e. it fulfills Conditions (11)
and (12) (Lemma 1(ii)) and is on the RF-utility frontier, i.e. it fulfills (A.39) and (A.40).

This leads to the following system:

Fr(1,7)Fx(k,1 —7) — D'(F)F(k,1 —7)/(1 — D(7)) = Fg(k,1 —7), (A.41)
Co=(1-DF)F (k,1—7)=C . (A.42)
There exists a unique value of C' € [0,5Ep’max] so that this system can be solved for

(r*,k*). To see this, note that C' determines k and therefore Cy in (A.40) and C,
in (A.39). For ex-post efficiency consider the effect of minimal and maximal capital
transfers on (A.41). From (A.41) define a function ¢(k) = Fr(1,7)Fk(k,1 — 7) —
D'(F)F(k,1—7)/(1— D(7)) — Fr(k,1—7). Setting C' = 0 implies kZP™" = (. For ¢(0)
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this yields ¢(0) = Fr(1,7)Fk(0,1—7) — D'(7F)F(0,1—7)/(1 — D(7)) — Fr(0,1 —7) > 0.
Setting C' = C implies & from Appendix A.3. As shown in Appendix A.4(i) this yields:
o(k) = Fr(1,7)Fg(k,1 —7) — D'(7F)F(k,1 —7)/(1 — D(7)) — Fr(k,1—7) < 0.

As a decreasing k monotonically increases Fi(k,1 — 7), monotonically decreases
F(k,7) and monotonically decreases Fr(k,1 — 7), ¢(k) is monotonically decreasing in
k. Varying k from 0 to k changes ¢(k) from ¢(0) > 0 to ¢(k) < 0. As all functions
involved are continuous ¢(k) is continuous. Thus, by the intermediate value theorem
and monotonicity, there exists a unique value of k and a corresponding value of C
so that ¢(k*) = 0 and (r*,k*) is ex-post efficient, i.e. it fulfills (A.41). Therefore,
there exists a unique policy (r*, k*) with r* = 7 and k* < k that yields an allocation

X* = (K}, Ry, Y, CF, K5, Ry, Y5, CF) that is ex-post efficient.

A.5 Proof of Proposition 3

When the the social planner sets (r, k) at time ¢ = la under awareness of the damages

D(R;) the generations’ consumption levels at time ¢ = 1b are:

C, = F(,r)—k, (A.43)
Cy = (1—D(r)F(k,1-7). (A.44)

Note, that this analysis holds equally for utility as consumption is the only good in
the model. For an ex-post efficient allocation Conditions (11) and (12) must hold
(Lemma 1(ii)), and Condition (6) for sustainability (Definition 2). With (A.43) and
(A.44) these conditions are:

(1—=D(r))F(k,1—7r) = F(l,r)—k  (A.45)
Fr(1,7)Fx(k,1—7r)—=D'(r)F(k,1—7)/(1—D(r)) = Fgr(k,1—r), (A.46)
(1—-D@r)F(k,1—7) = C. (A.A4T)

There exists a unique value of C' € [O,UBliss’max] so that this system can be solved for

(r, k); with this value of C (r, k) is uniquely determined. To see this, note that C deter-
mines (r, k). Think of C; as a function of Cy (defined by A.43, A.44, A.46, A.47 through
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variation of C, where C' = Cy as shown in Appendix A.1(i)) and consider first the mini-
mal and maximal achievable consumption levels, indicated by C2/™™ and ¢Plssmar,
respectively. Setting C = 0 implies kBPssmm —= (0 and rBléssm™n — 1 which yields
C{S’lissmax = F(1, TBliss,min) > 0 and C«QBliss,mm = (1— D(TBlz'ss,mz‘n))F(O’ 1— TBliss,mz'n) _
0. Setting C = gPtissmar
into Equation (A.46) uniquely yields rPlssmar o that CPH™" = F(1, pBlissmary _
EBliss;maz — () and CQBliss,max =(1- D(,,,Bliss,mam))F(kBliss,max’ 1 — rBliss,ma:v) > 0. By

(A.47) we know that dk/dC = 1/(1 — D(r))Fx > 0 and dr/dC = —1/((1 — D(r))Fr —

implies kBliss,max — F(l’,,,Bliss,maa:» Inserting kBliss,max

D'F(k,1—7r)) < 0. As F'is concave and C| is decreased linearly by increasing k as in (1),

increasing k and reducing r by the ex-post efficient mix (A.46) via increasing C from 0 to

— Bliss,max . Bli . .
C decreases C'; monotonically from C;*"™" to 0. As all functions involved are

continuous C(C) is continuous. Increasing C' simultaneously increases Cy continuously

CBlz‘ss,maz

and monotonically from 0 to C5 . Thus, by the intermediate value theorem and

monotonicity, there exists a unique value of C so that the corresponding (rBlss, fBliss)
and allocation X Bliss — ( [(Bliss RBliss 'y Bliss (iBliss [(Bliss pbliss yBliss C2Bliss7) on-
sure Cy = Cy, i.e. fulfill (A.45).

This allocation is reduced feasible, that is feasible under irreversibility and unaware-
ness as: at t = la the social planner can choose any r € [0,1]. From the existence

Bliss and

proof its clear that 5% € [0,1]. So, in t = la the social planner chooses
some matching k. At t = 1b the damage becomes apparent and 75'%° is fixed. Still,
k can be adjusted k € [0, F'(1,rB"%)] generating a RF-utility frontier as in the exis-
tence proof. Therefore, the policy (rP!#s kBlss) which yields an ex-post efficient and
ex-post sustainable allocation is reduced feasible, that is feasible under unawareness and

irreversibility.
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