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Abstract

This article analyzes the long-term consequences of nuclear waste storage within a general
equilibrium framework. The objective is to determine the conditions for which the storage
of waste, and thus the transfer of externalities towards the future, can be optimal. These
conditions could explain the implementation of intergenerational externalities, justifying an
intertemporal Not In My Back Yard behaviour. We first show that the choice of the policy
instruments determines the feasibility of the storage policy. Indeed, economic stability imposes
precise levels of the rate of storage or of the tax rate, making it possible to avoid chaotic
economic dynamics. Under these specific conditions, and depending on the period at which an
accident may occur and on the value of the social discount rate, we show that storing all the
nuclear waste may be optimal.

Keywords: Overlapping Generations Model, Nuclear Waste, Environmental Externalities.

JEL Classifications: 013, Q53, Q58.

1 Introduction

World demand of energy is massively increasing and according to the Intergovernmental Panel
on Climate Change, we can expect an increase in the demand of energy of more than 100%
within fifty years. The depletion of the fossil fuel resources and the world fluctuations of the fuel
prices led many countries to have recourse to the nuclear energy. Nuclear power can therefore
be almost a part of the solution: it reduces the use of fossil energies (coal, oil, gas...); it reduces
the Green House Gas emissions; it decreases the risk linked to energy dependence; and finally it
protects against volatility of the international prices of resources. The European Union countries
in general, France in particular, have chosen nuclear power for the production of long-term energy,
thus making it possible to reach energy independence. Nuclear power energy is supposed to raise

economic competitiveness and is part of the fight against climate change. Thus, 75% of the
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production of electricity in France is nuclear (of which a part is exported), and several countries
have launched vast programs of nuclear energy production. Choosing nuclear power is a very long
term engagement since we bequeath to future generations a heritage made up of parcels of waste,
radioactive for thousands years.

Chakravorty et alii. (2012) show that, under some conditions on the technological process
(like major developments in nuclear technology such as fast breeder reactors), the next generation
nuclear power may supply significant amounts of clean energy. But, as these authors stated
“Without these new nuclear technologies, the problem of waste accumulation becomes critical.
Nuclear power may help us reduce atmospheric carbon, but will give rise to a new problem
of storing significant amounts of toxic waste”. The issue addressed in this paper concerns the
management of the increasing nuclear waste stock. Indeed, the problem of the management of
the nuclear waste has still not been solved. In France, for example, there is still no definitive
technical solution for the future of this growing' but non-desired production of waste. Basically,
three techniques of treatment are operative:

- Storage of long duration (SLD) in industrial deposits or in old nuclear thermal power plants,
or a few meters of depth under the natural level in an argillaceous formation of very low permeab-
ility, or more in-depth (old mine shaft);

- Storage (S) reversible or irreversible in deep geological repositories (argillaceous underground
tanks). This storage is suitable for waste with high activity and long life, as their radioactivity
present a strong thermal release problem. The deep geological repositories represent an environ-
ment which is a priori chemically, thermally and mechanically stable for geological scales of time
(but without any certainty on the safety given the temporal scale). In addition, this storage makes
it possible to be free from the high levels of permanent monitoring and maintenance which SLD
requires.

- Separation then transmutation (ST) of the radioactive elements (decreasing the harmfulness
and the lifespan of the radioactivity of waste). This technique admits a negative output since it
requires more energy than that obtained by the fission which generated this waste.

Governments have to choose between two temporary solutions, (SLD and S); they hence face
a trade-off between two risks: (i) risk of degradation of the protections of the parcels of waste
(SLD) and (ii) risk of non-decrease of the radioactivity (S). But these two waiting strategies,
(SLD) vs. (S), are not similar. In the first case (SLD), the present generations have to bear the
harmful effects of these centres of nuclear waste storage. In the second case (S), waste disappear
underground for several thousand years and reappear (i) voluntarily to be reprocessed like non
radioactive waste, (ii) or involuntarily as a result of an accident; in both cases, future generations

will have to bear these harmful effects. Making the choice of storage in deep geological repositories

'In the case of France, average annual production of radioactive waste increased by 20% in 20 years, passing from
1 to 1.2 kg per year per inhabitant (See CEA [2002]). It will in addition be necessary to manage the programme of

dismantling first generation of nuclear power plants (28 nuclear plants out of the 56 existing).



corresponds to behave according to the NIMBY? principle but within an intertemporal framework.
Several studies evaluate the willingness to pay (and/or to accept) for avoiding the proximity of
the nuclear waste (see Riddel and Schwer (2006)): this willingness to pay is always positive,
without any ambiguity, testifying the will to see waste moving away. Kunreuther and Easterling
(1990) show in addition that when a public project, like that of nuclear waste processing, admits
simultaneously positive and negative public components, monetary compensation is not enough to
make people accept the proximity of the dangerous site. Acceptability requires the confidence of
the agents concerned in the agencies of control and the belief in minimal risks. Given the temporal
scale in which the management of the radioactivity fits, this approach cannot be exploited since
the generations concerned by the harmful effects of the storage have not yet been born.

The objective of this paper is to determine the conditions for which the storage of waste,
and thus the transfer of the externalities towards the future, can be optimal from a neoclassical
economics point of view. The existence of these conditions would justify the implementation
of intergenerational externalities, called here intertemporal NIMBY. The static resolution of the
spatial dimension of the conflicts induced by NIMBY behavior was carried out by Feinerman et
alit (2004). The authors show that the choice of localization between two cities of a public bad
by a government will be a function of the costs and social benefits of each site, but also of the
weight of the lobbies on the decision makers and of the degree of corruption of the government.
Concerning the long-term nuclear waste management, future generations can claim no lobby. Our
approach is intertemporal and considers the removal of nuclear waste in the future.

Actually, the seminal papers of Allais (1947), Samuelson (1958) and Diamond (1965) on in-
tergenerational transfers show that current and future generations have limited opportunities for
trade or coordination of policies. In the context of sustainable development, these limitations may
have dramatic consequences since they lower the incentive to protect the environmental quality
whose primary benefit falls on future generations. In particular, if we consider egoistic agents
who neglect the effect of their actions on later generations and only demand goods for their own
benefit. If current generations do not internalize the effects of their actions on future generations,
there is an intergenerational externality that distorts the demand for environmental quality.

There is a huge literature examining the relationship between economic growth, environmental
quality and intergenerational equity. This paper relates to two strands of the literature: the
literature examining sustainable growth in a risky world characterized by uncertainties on the
long-term environmental consequences of our current economic behavior, and the literature looking
at intergenerational externalities in environmental quality. This paper examines these two issues
jointly.

The first branch of the literature analyzes the environmental consequences (like climate change,

NIMBY (Not In My Back Yard) indicates the actions of associations for the defence of an environment which
are opposed to an infrastructure degrading the quality of life of a district, without denying its intrinsic social utility,
but disputing its establishment because of the harmful local effects which it creates. The construction of factories,

motorways, prisons, centres of rehabilitation and detoxication or concert halls cause such opposition regularly.



biodiversity losses, health) of economic growth and technological accidents in optimal growth
models; the latter consider an infinitely-lived agent or an intertemporal social planner (Tsur and
Zemel (1996), (1998), (2008)).

The second branch of the literature analyzes how intergenerational externalities affect environ-
mental outcomes but without considering any risk or uncertainties. John and Pecchenino (1994),
John et alii (1995) and Marini and Scaramozzinno (1995) explore how distortions in abatement
decisions affect environmental quality, von Amsberg (1995) and Howarth (1991a) (1991b) show
how the incompleteness of insurance markets can lead to poor environmental outcomes. In the
context of natural resources, Solow (1974), (1986), Howarth and Norgaard (1990), (1992), and
more recently Gerlagh and Keyzer (2001) (2003), Agnani et aliz (2005) or Valente (2011) explore
how the efficient resource extraction path is affected by the distribution of rights and assets across
generations. The focus of this article is on how intergenerational externalities affect the govern-
ment’s decisions about nuclear waste processing; this focus distinguishes my paper from related
work.

The objective of this paper is on understanding the effect of intergenerational externalities
on long-term energy policies (namely, nuclear strategy), and, hence, we abstract from intragen-
erational externalities. We consider a myopic government and myopic agents that internalize the
intragenerational externality but do not internalize the intergenerational distortions.

There are several possibilities for selfish individuals to raise their chances to achieve intergen-
erational equity. First, one could consider altruistic agents who care about their children. When
individuals care about the utility of their children, they may demand more long-term environ-
mental quality. Second, governments could introduce policies to internalize intergenerational
externalities. Finally, intergenerational coordination mechanisms could link different generations
to achieve intergenerational equity. Nevertheless, the optimality issue of these possibilities depend
upon the choices of the value of the discount rate.

Obviously, the debate about discounting is of big importance for environmental concerns; it
affects the intergenerational justice and the definition of sustainability. This debate on discounting
is still open among economists. In general discounting reflects the price of time. This rate
is important for consumers because it determines the intertemporal trade-off between present
and future consumption; it is also important for producers, as it influences the intertemporal
trade-off between investing or not. Basically, the concept of discounting is easily comprehended in
financial terms, in an individual context. At a macroeconomic level, there may be confusion about
discounting. Probably this confusion relies on the distinction between an individual psychological
discount factor, or rate of time preference, representing individual impatience and a social discount
rate, reflecting short-term acceptability of the social costs.

Regarding environmental long term issues, discounting welfare of the future generations seems
unfair; and minimizing the long-term environmental costs of our present economic actions is

probably unfair too. These issues about discounting and intergenerational equity has been pointed



out in two seminal papers. Howarth and Norgaard (1993) first show the important role played
by the discount rate in cost-benefit analysis. They show that cost-benefit techniques will result
in a Pareto efficient resource allocation only if the discount rate is set equal to the market rate
of interest. They conclude that ethical principles should define the proper distribution of welfare
between present and future generations. Krautkramer and Batina (1999) examine sustainability in
overlapping generations models with resource constraints. They also show that economic efficiency
depends on the value of the social rate of time preference.

This debate gives birth to a huge controversy after the publication of the Stern report (2006).
Most criticisms targeted the choice of low values for the discount rate.> As Godard (2009) pointed
out “The results of a critical examination of this debate on discounting are that, for essential
matters, the Stern Review is more right than wrong, in the context of the utilitarian philosophy
that provides the conceptual basis of cost-benefit analysis used as well by Stern and his critics”.
It appears that the debates on the right climate policies to pursue enlighten a rather difficult and
confused relationship between economics and ethics. Godard (2009) concludes that “For the future
works, several avenues of progress have been identified, both within and outside utilitarianism, in
order to find a more appropriate way to address huge long-term environmental threats like global
climate change.”

Hence, for ethical reasons and for intergenerational justice too, environmental economists have
progressively abandoned the “pure neoclassical” discounting approach. Many reasons justify a non
(exogenous) discounting approach, like irreversibility and uncertainty.? Environmental economists
have developed alternative criterions. Some recent papers propose neoclassical approaches with
low or even non discounting criteria.® Chichilnisky (1996) principle consists in a non-dictatorship
of the present and non-dictatorship of the future. The objective function is a sum of two sub
functions that take into account a discounted welfare and a very long-term non-discounted welfare.5
Li and Lofgren (2000) consider an objective function that takes into account the heterogeneity
of agents (utilitarist and conservationist agents). The objective function is a sum of the two
welfare functions: one is discounted, not the other. In Ayong Le Kama and Schubert (2004), the
discount rate is endogenous and depends on the environmental quality at each period of time.
Hence, impatience is low when pollution is high. A last approach adopts a social welfare function
that takes into account uncertainty on economic variables, like consumption (Gollier (2002a)) or
interest rate (Weitzman (1998)).

Basically, philosophers and mathematicians have proposed solutions to the discounting de-

bates, mainly addressed to the issue of climate change (Gardiner (2004), (2006)), Portney and

3see for instance Nordhaus (2007) and Weitzman (2007).

4 Gollier (2002a) (2002b) show that depending on the nature of risk preferences, one may optimally decrease the
social discount rate.

’For survey, see for instance Groom et alii (2005), Pearce et alii. (2003), Portney and Weyant (1999) or Schubert
(2006).

See Chichilnisky and Heal (1998) for some applications of the Chichilnisky’s principle.



Weyant (1999), Caney (2008), Davidson (2012)), and some of them are specifically designed to
treat the issue of nuclear waste (Shrader-Frechette (1994a), (1994b) and Taebi (2012)).

Regarding climate change, Gardiner (2004) (2006) draw attention to the ethical dimensions
of the climate change problem, and claims that climate change is fundamentally an ethical issue.
As such, it should be of serious concern to moral philosophers. Portney and Weyant (1999)
shed light on the importance of the legacy that we may be leaving for future generations. They
conclude that there will always be differing views on the appropriateness of discounting, not to
mention the rate to use. Caney (2008) argues that we should see climate change as a threat
to human rights and proposes an alternative to the cost-benefit analysis. Discounting is not
recommended: Caney concludes indeed that the rights jeopardised by dangerous climate change
do not diminish in importance throughout time. Finally, Shrader-Frechette (1994a) (1994b) and
Taebi (2012) shed light on the fairness of present generations to impose the burden of nuclear
waste on future generations. They both show that such decision is disputable as it relies on high
long-term uncertainties. Indeed, putting distant future generations at a disadvantage does lack
solid moral justification. This should urge us to reconsider our temporal moral obligations in the
light of recent technological developments.

In this paper, we analyze the long-term consequences of burying nuclear waste within an
overlapping generations models framework. This framework allows theoretical analysis of sustain-
ability and led several works relating to the intergenerational environmental externalities. These
studies show that the taking into account of myopic short-lived generations, increases the amp-
litude of the intertemporal externalities, and makes the task of the social planner more complex,
requiring additional economic instruments.

Our results are in line with the previous ones: we show that the storage of the radioactive
waste requires an institutional control of the production of this waste. Nevertheless, our objective
is different from the ones of the previous studies, since we are interested neither in intertemporal
allocation of natural resources, nor in the trade-off between growth and environmental quality.
Our trade-off is that of the management of flows of pollution between present and future.

The model is presented in the second section of this paper. It relies on standard assumptions
of the overlapping generations framework. The economy consists of two-periods lived agents. The
government finances its spending for waste storage with help of a labour tax and a pollution
tax. In the third section, we analyze the dynamic equilibrium and we show that in order to
reach economic stability, the government has to control the waste storage activity. Hence, public
policy for waste storage is needed in order to avoid chaotic development. In the fourth section,
we characterize the long-term optimum: we show that the optimal level of capital is still lower
than the ones defined by the (modified) golden rule. In section 5, we analyze the public policies
that decentralize the optimal equilibrium. We show that depending on some parameter values
(like the private and the social discount rates, or the cost of waste storage), conditions can be
found to allow the government to store the whole nuclear waste at each period. Therefore, the



intertemporal NIMBY behavior can be optimal, if optimality is defined in a Pareto-Walrasian

way.

2 The model

We consider a perfectly competitive overlapping generations model with discrete timet = 1,2, ..., 00,
and a constant population normalized to one. A generation of consumers is born at each period and
households live two periods. When young, the representative consumer supplies labor, supposed
to be inelastic and normalized to unity, and receives the net wage (1 — 74°) w; where 7¢° € [0,1] is
the tax rate on the wage w;. He shares his wage between saving s; and consumption ¢. Let T}/
defines public transfer and 7§ € [0, 1] the tax rate on saving. When old, he consumes c? ' 1 Which
represents the totality of his saving remunerated at the interest rate r;11. The agent cares about
the quality of the environment measured by the index @);. The quality of the environment is an
externality for the agent.”
We assume that the utility function consists of two increasing functions u and z, strictly

concave, homothetic and satisfy the Inada conditions. The utility function of the representative

household at period t is given by:

U(cl, Qe cf1, Q1) =u(cf, 1) +02(Qr, Qusr) (1)

where 0 € [0, 1] gives the weight of the quality of the environment on the utility. The two budget

constraints faced by the household can be written:

(1—7}/")wt—1}y:c}f+st

Cly1 = (1+7¢41) (1 - Tf—l—l) St

(2)

The representative consumer maximizes his utility function (1) under the constraints (2) and
(3), which yields the necessary first order conditions determining the trade-off between present

and future consumptions:
! k I
uhy = (L resa) (1= 76 ) ulo = 0 (3)
The final good is produced by a representative firm using constant returns to scale technology.

The production is given by:

y = f(k) with f/()>0; f()<0, ()
ke) = K, with e 0,1]

and where y and k are respectively the output per worker and the capital-labor ratio. The

production function f (.) satisfies the Inada conditions.

"This assumption is the main cause of intergenerational externalities; it implies that the households cannot adjust
their behavior to the evolution of the perceived environmental quality. Assuming individual protection against

pollution would enhance the results but it would also require numerical methods to solve the general equilibrium.



The representative firm maximizes its profit:

Maz = f(ke) —we = (L+70) Ky
t

Since the economy is perfectly competitive, the profit maximization results to:

f/(kt) =1 + Tt
f(ke) = ke f' (ki) = wy

The storage of nuclear waste

We assume that a technology of storing waste is available in the economy represented by a

function of projection P? such as:
Vay, P (zy) = a4 (6)

When the economy generates a flow of pollution z; at period t, the government can decide
to store it until period ¢ + ¢. The unit cost of the storage is measured by o, which consists
of development of the specific parcels of waste, cost of setting in basement, protective concrete
cover. At the time of the destocking® of waste in ¢ + 4, the incremental? rate of harmfulness
is unknown. This uncertain rate is 5 = (7,7%), where v € [0,1[ and P (3 =7) = 1 — ¢ with
g € [0,1]; also, ¥ € [1,+o00[ and P (§ =7) = q. The expected value of the rate of harmfulness is
thus E(¥) = (1 —q)y + ¢7. This probability ¢ of high harmfulness could also be interpreted as
the probability that one of the site of storage!’ at period ¢ has an accident at period ¢ + i.

A simple application will correspond to the case with v = 0 (total disappearance of harmful-
ness), then we have E () = ¢7. If moreover g7 = 1, stored waste will be destocked in ¢+ without
additional harmfulness, they are simply projected in the future.

The total stock of waste stored must be finite in volume; it writes:

=T
Sy = Zl't—z’ < 00 (7)
=1

8The destocking of waste can be voluntary (the physical limit of the capacities of storage is reached or the
radioactivity is considered to be sufficiently low) or involuntary (natural wear at the end of periods ¢ + i), even

accidental.
9The rate of degradation of the environment by the production of waste is given for the economy. This constant

rate will be affected in the future by the incremental rate: the rate of degradation of the environment in the future

of waste produced in the present is thus unknown.
YAt the period t + i, among 100 sites of storage of the generation ¢, 100¢ are confronted to important damages

(accidents, leakages, explosions...). I actually assume a constant probability of accident. This is a limitation.
Nevertheless, this probability of accident could be explained by two factors that play in opposite directions. The
natural wear may deteriorate the storage repositories in the long-term but the technical progress may help the

storage to get safer in the future. I assume that the technical progress compensates for the natural wear.



The evolution of the quality of the environment

The production of nuclear power generates a flow of waste F'P, which degrades the index of
environmental quality. More precisely, this loss of amenities is explained by the two following types
of processing waste: (i) Storage of long duration (SLD) in industrial repositories, which degrades
the landscape and involves in particular losses in real value. (i) Separation then transmutation
(ST), which creates new waste not (or less) radioactive but which requires a great quantity of
energy, which generates new radioactive waste.

The storage in deep geological repository of a share a of the waste during 7 periods makes it

I since on the one hand, the

possible to decrease his harmful effects for the present generations!
storage is carried out under several hundred meters under ground what makes the parcels of waste
invisible, and on the other, after 7 periods, the process of treatment will be probably simpler and
less expensive in energy, because of the decrease of the radioactivity. Nevertheless, these strategies
do nothing than to project in the future the contemporary externalities since the basement has
limits of storage. Moreover, taking into account the present state of technological knowledge, on
a long temporal scale (beyond 1000 years), it is not excluded that the erosion of the walls of the
parcels of waste by the water yields the diffusion of the active radionuclide via the ground water.
We assume that, at each date, the economy rejects a flow of solid waste proportional to the

capital:
FP, = ¢k, (8)

where ¢ > 0 is the rate of degradation of the environment.

The dynamic of the quality of the environment is given by:

Qirit1 =Q+[1—h] Qi — (1 — ) FPyy — E(3) P' (aF Py 9)

where h € [0,1] represents autonomous rate of variation of the quality of the environment!?,
a € [0,1] is the share of the current flow of pollution that the government decides to store in
deep geological repository in ¢ for i periods, while waiting for the decrease of the radioactivity.
We suppose that, at the period ¢, the oldest stocks are destocked in chronological order. The
destocking can be voluntary (in the case of reversible storage) if the government estimates that
the radioactivity of the parcels of ¢t — i is sufficiently low while he has to store the waste of ¢
(more radioactive) and being given limit of the total volume of storage capacities (the government
manages substitutions in the geological tank of non-radioactive waste by radioactive waste). The
destocking can also be accidental (in the case of irreversible storage) reflecting the existence of
a rate of depreciation of protections coming from natural erosion (corrosion of the protections
by water and compressing of the concrete structures). The oldest parcels are most vulnerable

11We do not consider the risk in ¢ bearing on the totality of the stocks hidden between ¢ — ¢ and ¢: risk coming
from natural disasters, explosions, climatic change, air crashes... This risk is higher since the storage period ¢ is at

a scale of several thousands years.
12The term h can be interpreted as the capacity of assimilation of the environment.



representing a natural process which answers chemical laws. In these two cases, the government

cannot intervene any more on pollution since this one became diffuse.

Taking into account the sources of pollution the dynamic of the quality of the environment

can be written:

Quyit1 = Q+ [L = h] Qyi — (1 — @) dkryi — (L= q) v+ ¢7) ok

(10)

The government uses the taxes on labor and capital to finance the cost of storing waste and

lump-sump transfers, 77, allow balancing the budget:

ook = Tf (1+7¢) 841 + 1w + T

The goods market equilibrium is given by:
y=cf + ¢ + kip1 + oaF P

This market equilibrium takes into account the economic cost of storing the waste.
The labor market equilibrium is given by L; = N;.

The Walras law allows deducing the capital market equilibrium:

e = o [(L= ) w (k) = (L= b)) (147 (k)|

(13)

o . 7. . . . o0
A competitive equilibrium for this economy is a sequence {yt, ki, cf, ) se,we,r, T, 7Y ,Tf} 1>

such that, at each date t =1,2, ...,

(1) agents maximize (1) subject to (2);
(74) firms maximize profits;

(747) markets clear;

(tv) the quality of the environment evolves according to the law (9);

and {ko, Qo} are given.

3 Dynamic equilibrium analysis

!
c Yeo
Y !
c¥uly

Let define 7, a parameter of preference elasticity: n, =

€ 0, 0o[, which is supposed to be

constant. This assumption limits the utility functional forms to some forms like the logarithmic

10



and the Cobb-Douglas cases. The equation (3) becomes after substitution of the equation of the

capital market equilibrium (13):

1
Cy = CO (14)
L e () (L= 7h )
Taking into account (2), we have:
1
¢/ = —kii1 (15)

C

From the budget constraints and the prices relations we find:
of =1 —7) (L= p) ki’ — ks =T/ (16)

Equalizing (15) and (16) , we obtain:

uB
1+,

s = —1e (1= ) (1 — ) k' — T (17)

From the budget equilibrium of the government (11), with the equilibrium conditions and the

price relations, we can write:
TY = oagk; — prik) — (1 — p) 71k (18)
Substituting equation (18) into (17), we obtain the dynamic of the capital stock:

i1 = 1 chc ((1=n(1=7F)) b = oash) (19)

Thus, we have a first-order nonlinear difference equation, which with equation (10) , determine
the dynamic of the economy. The dynamic of the stock of capital being autonomous, we can
analyze independently their properties. Since the stock of capital enters linearly into the dynamic
of the quality of the environment, the dynamic properties of the quality of the environment can
then be deduced.

The dynamic of the stock of capital can be rewritten:
kiv1 = a1kl —aky =G (k:t; Tf, o,qQ, gb) (20)

where a; = ﬁnh (1 — (1 — Tf)) >0and a= ﬁ"ﬁ—aaqﬁ > 0. The properties of this equation will
depend on the level of o¢a measuring the marginal cost of storing waste, o¢ak; being the total
cost. The equation (22) is nonlinear and it is straightforward to show that the G map satisfies

the following conditions:
~ -~ ;
[P1] G(0) =G (k:) =0, where k = (%)™ is the upper bound of the stock of capital k;

- 1
[P.2] G is once continuously differentiable and there exists k = (%) T such that G is strictly

a

increasing on [O,E) and strictly decreasing on (E, ﬂ,

11



[P.3] limg_o G’ (0) = +o0;

[P.4] the unique positive steady state equilibrium is given by k* = [1—(2;] 17“;

[P5] G (k*)=p—a(l—p) <1since a>0and p€]0,1[;

_u B N N o
[P.6] If a >=< %, G (k) >=<k; G maps {O, k‘} into itself if a < %

The property [P.6] implies that there exists circumstances in which G does not map [0, E} into
itself, thereby admitting more complicated dynamic structure. We can distinguish two different

dynamic structures with respect to the value of a.

K
1—p

Case 1: a < -

In this case G maps [O,E} into itself. That means, any iterates of the set of an initial capital
stock will remain in the interval. In that case, the dynamic system may exhibit a series of

bifurcation, including the appearances of cycles and the transition to aperiodic or chaotic behavior.
1

When a is not very high, there exists a unique steady state characterized by k* = {Tcﬁ'&] .

Proposition 1 (i) If a € (0, 7], for all kg € (O,E) , limy oo Gt (ko) = k*. k* is a stable node.

(i) If a € (72, 2], then for all kg € (O,E) im0 G (ko) = k*. k* is a stable spiral.
The relevant parameter ranges for a are given by the two cases for which the slopes of G
evaluated at the fix point £* belong to G’ (k*) € (0, ) and G’ (k*) € (—1,0). Indeed, we have:

1-p
GkY=p—a(l—p)= pw o if a=0
-1 if a:i—f‘l‘f

Since a = %"n—cagboz, the feasibility of the policy of storing waste is conditional to the dynamics
of capital stock. According to the level of the marginal cost of storing waste, the government
will choose a level of storage (then a tax rate to finance it) which will determine the dynamic of
the economy. The government can then avoid a chaotic dynamic!® and controls the trajectory of
pollution and nuclear waste, whatever are the initial conditions.

From Zhang (1999) and the literature on nonlinear dynamics (Devaney (2003)), we can es-
tablish the following propositions 2 and 3, which determine the conditions for the appearance of

n-period cycles, in particular the 2-period and 3-period cycles.

"3When the dynamic of the stock of capital is chaotic, then the dynamic of the emissions of nuclear waste is also
chaotic since F'P, = ¢k;.
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Proposition 2 (i) If a € (i—f’ﬁ, ‘#), map G generates a two-period cycle, and the set of

ko € (O,E) such as G (ko) converges to the steady state, k*, is at most countable. (i7)
As a rises, the dynamic system (18) experiences period-doubling or flip bifurcations. That
is, there exists a value of a, a* € (}—f‘l‘f, W) such that attracting cycles of period 2",
for n > 2, emerge; (ii7) for higher value as further rises of a, there exists a value of a,

—n/ (1~ : .
a** € (if—z, %) such that period 3 cycle of G emerges if a > a**.

Proposition 2 is similar to proposition 3 of Zhang (1999) since map G has the same form than
the one in his paper. This proposition suggests that as a rises, the set of equilibriums evolves from
endogenous fluctuations to chaotic equilibriums, passing through periodic equilibriums (see Fig.
1). The property of the dynamic and the characteristic of equilibriums evolve according to the
values of o, a, ¢: higher are the marginal cost o and the burying rate «, more chaotic equilibriums
can appear.

Case 2: a > /#

When a is successively raised to some high values, the topological structure under this case

is much more complicated than under the previous case, and the results can be summarized by

proposition 3.
Proposition 3 If p#[(1 —p)a — 1](1_“) > (a — 1) /a, the set of an initial capital stock that never
escapes from (O,E) is a Cantor set; that is, it is a closed, totally disconnected, and perfect

subset of (O,E) . As a result, given any initial value, the subsequent transitional dynamics

for k become very complex.

Y"Proposition 3 is also similar to proposition 4 of Zhang (1999) for the same reason of similarity of map G.
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4 Long term optimum
Assume the existence of a social planner maximizing the utility of all generations discounted by
a social discount factor 6 (0 < § < 1). The social planner programme writes:
+o00
t—1 Yy 0
, Inax Zé (u (Ct=Ct+1) + 0z (Qt,QtH))

Cy ,C?+1 ;Qtskt =1

under the constraints:

yr = ¢} + & + ki1 + oadky (Vt=1,...,400)
Qi1=Q+[1—hQr—(1—a)ok— (1 — )7+ ¢7) adke—; (Vt=1,...,+00)
ye = f(ke) (Vt=1,...,4+00)

ko and Qg given.

To the resource constraint of period ¢ is associated the multiplicator §°A1+; the planner takes
into account the cost of storing waste on the allocation of resource, which reduces consumption
and investment possibilities. To the quality of the environment dynamic @Q: is associated the

multiplicator 5t)\2,t. Then we can find the following relation!?:

(1—h)6 2 (1+6)

Az = 1-06(1—h)

>0 (21)

where Ag is the shadow price of the quality of the environment. It allows to define the marginal
social benefit of the variation of the quality of the environment and must equal the discounted
value of the marginal utility of the environment. Thus, (1 —h)6 2’ represents the long-term
impact of the environment for the coexisting two generations,  being the discounting term. One
can remark that the result is consistent with the relevant discount rate for environment policies
defined by Marini and Scaramozzino (1995), which is equal to the sum of the social discount rate
% — 1 and the rate of natural assimilation h.
We can determine the capital shadow price Ap:

AM=——t
' f-oas—1}

>0 (22)
where © = ¢ (1—a (1—0"E(7))) > 0 is the average discounted rate of long-term pollutant
emissions with E (y) = (1 —q) v + ¢7.

The marginal effect of storing waste on the long-term well-being is measured by 02’ %.
This marginal effect, depending on the average discounted rate of pollution, can be either positive

or negative. Indeed, this average discounted rate is a function, © <¢>, a, §r , i,q7> . If the duration
+ 7

of storage increases, the discounting effect (corresponding to lower values of ) decreases the

5The resolution is presented on appendix, page 20.
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pollution consequences on welfare, ©5 > 0. The effect of storing waste depends on the sign of
1 —-6E (7). If 'E () > 1, the long-term storage degrades more the quality of the environment
than the amelioration it is supposed to do: ©/ > 0. In the opposite, if S'E (%) < 1, the storage
allows to pollute less than it protects: ©/, < 0. In the case where F (§) = 1 and with a discount
factor § = 1, storing the waste will have no effect in the long term: © = ¢.

The shadow price of the capital stock \; is positive if and only if f' > cag¢ + % (z l%g,,m). In
the economy with pollution, the planner will choose a level of intensive capital lower than the one
determined by the golden rule (Samuelson optimum), but also lower than the one of the modified
golden rule.

The intergenerational trade-off rule defined by the social planner is given by:

1
ugy - gulco (23)
This rule expresses the optimal condition for the trade-off between ¢¥ and ¢°. We can determine
the expression of the optimal ¢¥ and ¢° using the conditions defined by (21), (22), (23). Using

these expressions with the equilibrium condition of the goods market gives the following relation:

(i) =g Ltd O 1
/ (k>_9175(17h)u;y+m¢+5 (24)

The planner maximization programme solution’s can be summarized by the following system,
which determines {éy, e, l%, Q}

/1.
'U/cy—guco

02/ (6+1)

. ozt
1! (k) = Lo ;,C(; h) +O’C¥(/J)+%

f(k) =+ &+ (1 +o0ag)k

Q=% -f-a(l—{0-)y+a))]k
5 The decentralized equilibrium

The planner must propose the tax rates that allow the competitive equilibrium (system (29)) to
coincide with the long term equilibrium (system (25)). There are two economic inefficiencies: (%)
the dynamic inefficiency leading to over or under-accumulation of capital ; (4) and the production
of pollutant nuclear waste. The optimal tax-transfer scheme is composed by two instruments
(#*,#%). The tax policy allows to reach the capital defined by the Modified Golden Rule (#%) and
to internalize the flow of pollutants (7). A third instrument 7% allows to balance the government
budget.
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To reach the optimum, we must find the intergenerational trade-off rule (23) from the trade-off
condition (3) evaluated at the steady state:
1
(T4+r*)(1— f'k)

=, (26)

which yields the following value for 7%

1
L [ — 2
i +r)0 27)

In that case, since (1+7*) = f (l%) at the optimum, we obtain the following optimal value for

the tax rate:

e 0z' (148)
1 5% + oapd
#h=1- < > 0. (28)

) 02/ (146)

! (k) 5 L+ 3500 4 5ags

This tax allows to correct the environmental externality, its rate increases as the marginal envir-

onmental damage is high, ©z’, with respect to the marginal utility of the consumption wu.,.

The capital market equilibrium allows to determine the wage tax on the young 7. This

f=s ((1 ) (k) v, (1 - %fﬂ) f (k)) :

This condition allows to fix the tax rate that corrects the dynamic inefficiency and then to reach
the stock of capital defined by the Modified Golden Rule. Finally, the budget equilibrium condition

determines the level of the lump-sump tax:

relation is such that:

TY = 7R ukt + 79 (1 — p) k* — oagk.

For a given level of #* condition (28) defines the share of waste & to store which is unique,
and compatible with optimality. In that case, the government fixes the optimal rate of storage
such that:

05— (1+6)
where B = 5¢m > 0.

For certain values of § and ¢, this optimal share can be equal to unity. Therefore we can be

in the particular case of total intergenerational NIMBY as & = 1. The government decides to
postpone all the pollution into the future to reach the social optimum. It would be the case if:

Tk

1—7k

But the economic conditions allowing to avoid a chaotic dynamic bear on the parameter

e
147,

= 6¢o + B&'E (7).

a = o¢pa. Hence, it is necessary that a should not be too high, which settles some bounds
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on &, corresponding to the feasibility of the economic policy. In fact, it is possible to reach stable

solutions if:

1+p
dpo — B (1 —-6E(F)) 1 11
o ag ¥ k( ) 1+n 1 1+p
<= -B Ne o¢l—p

6 Conclusion

This paper analyzes the conditions for which the storage of waste, and thus the transfer of the
externalities towards the future, can be optimal. If they exist, these conditions would justify the
policy of projections in the future of present radioactive waste, in spite of uncertainty relating
to future harmfulness. This environmental policy exacerbates the intergenerational externalities.
These choices correspond thus to intertemporal NIMBY behaviors. We show that storing the
radioactive waste requires an institutional control of the production of this waste, in order to avoid
a not controlled evolution of it. Moreover, the choice of the regulatory instruments determines the
feasibility of the policy. Indeed, the research of economic stability determines thresholds of rate
of storage or rate of tax making it possible to avoid the chaotic evolutions. Lastly, the optimal
choice of the public instruments does not exclude the possibility of storing all the waste for the
government. This solution can be desirable according to, in particular, the duration envisaged of
the storing and the value of the social discount rate. Indeed, the more the temporal horizon of

destocking is remote and the more the perception of serious risk of future pollution decreases.
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Appendix

The competitive steady state equilibrium is such that k;11 = k; = k*. It is defined by the following
system:

fr=1+r"

FE) = b £ = 0
(1—1)w* —TY =¥ + s*
¢ =(1-7F)(1+r*)s

k* = s*

!
A 1
uly (1+7‘*)(177k)

L+ %) 7hs* 4 79w* + TY = cadk*
P =%-21-al-EF)k

(29)

|'§

—~

20



The planner maximization programme is:
Yy _
Ly (thl’ Cth ktv Qt—l) =
+oo
t—1 Y 0
E 1) [u (thlﬂ ct)
t=1

+ 02 (Q+[1- W Qi1 — (1 - ) Sy — E(3) adke-i1;
Q+[1=h Qs — (1— ) ki — B(5) adkii-2)]

“+00

- Z‘St*l At [kt = f (k1) + ¢y + ¢y + or100k;—1]
=1

+o00o
_ Zét’l Aot1 [Qt—l —Q—-[1-h Qs+ (1—a)pki_o+E®R) a¢kt—i—2]
=1

The necessary optimal conditions are given by:

Pul) = 0 e )y = Sadtle () jf‘,‘:f;f?

B =0 s, = G000

el =0.& A = upy

B = 0 M = ful

OLil) — 0 e Ny = LZEG (92 (14 6) + 6A)
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