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Abstract

We present a general equilibrium growth model in which the use of a non-renewable
resource yields waste. Recycling waste produces materials of poor quality. These
materials can be reused for production only once a dedicated R&D activity has made
their quality reach a certain minimum threshold. The economy then switches to a
fully recycling regime. We refer to this switch as the technological breakthrough.

We analyze the optimal trajectories of the economy and interpret the Ramsey-
Keynes and Hotelling conditions in this specific context. We characterize the determi-
nants of the date of the breakthrough, which is endogenous, as well as the discontinuity
in the variables’ paths that is induced by this breakthrough. We show, in particular,
that the availability of a recycling technology leads to an over-exploitation of the re-
source and possibly to lower levels of consumption before the breakthrough. We also

find that the breakthrough can have a negative impact on utility over a finite period.
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1 Introduction

"Recycling is defined as any reprocessing of waste material in a production process that
diverts it from the waste stream, except reuse as fuel. Both reprocessing as the same type of
product, and for different purposes should be included. Recycling within industrial plants
i.e. at the place of generation should be excluded." (United Nations'). By using waste
as an input in the production process, recycling alleviates the scarcity of other resources.
However, even if current levels of recycling greatly vary from sector to sector, recycling
activity in the world is still low today. For instance, a UNEP report states that "many
metal recycling rates are discouragingly low, and a "recycling society" appears no more
than a distant hope" (UNEP, 2011). Geyer et al. (2017) underline that "between 1950
and 2015, cumulative waste generation of primary and secondary (recycled) plastic waste

amounted to 6300 Mt. Of this, approximately (...) 600 Mt (9%) have been recycled".

The main reasons behind this low-level activity are first that it remains comparatively
expensive — 7.e. non-recycled materials remain relatively cheap. Regarding municipal
solid waste, for example, "in some cases the value of recyclables are less than the extra
costs associated with collecting the disturbed waste" (World Bank, 2012). Second, the
recycled materials are not always perfect substitutes for the virgin materials, which entails
reduced marketing possibilities. This substitution capacity is mainly driven by the degree
of maturity of the recycling process itself and by the induced quality range of recycled
goods. If recycling glass or pulp allows producing good-quality bottles and paper that are
(almost) perfect substitutes for primary goods (see e.g. Alani et al., 2012 or ADEME,
2009) , the recycling capacity of more sophisticated products can be constrained by a
deterioration of the physical characteristics of the virgin product during the recycling
process. This concerns certain types of plastics (thermosets), for instance. "Thermosets
(...) are characterized by their high resistance to mechanical force, chemicals, wear and
heat. The robust properties of thermosets make them more difficult to recycle and they
cannot be re-melted down and reformed like thermoplastics" (OECD, 2018). Similarly,
carbon fiber reinforced polymer (CFRP) waste yields materials that cannot yet have the
same industrial use as the virgin materials, particularly in advanced technology sectors
such as aeronautics (Oliveux, 2015). This means that the quality of the recycled material
is fundamental in some industries, which justifies investments to improve the physical

properties of the recycled material, and not only the efficiency of the process.

! United Nations — Environmental indicators: http://unstats.un.org/unsd/environment /wastetreatment.htm



The aim of the present paper is to understand how an economy will invest in research
so that recycled waste can be used at a large scale and to study how the economy switches
to a fully recycling regime. To do so, we consider a model in which a recycling technology
is available, but the current quality of recycled materials makes them non-usable by the
production process. The only way to trigger the recycling activity is thus to improve the
quality of these materials. This can be done by investing in a specific type of research and
development (hereafter R&D). After a certain threshold quality level has been reached, a
technological breakthrough occurs in the sense that the production of consumption goods
starts using as inputs both the virgin (primary) resource and the recycled (secondary)
waste. We characterize the optimal trajectories of the economy and their properties; in
particular, we study the discontinuity occurring at the date of the technological break-

through.

Natural resources and waste recycling is an economic issue that has been addressed in
dynamic contexts by many authors.? In some models, recycling is motivated as an option
to mitigate the pollution generated by waste disposal. Smith (1972) follows this approach
but focuses on the two stationary corner solutions where it is optimal to recycle either
100% of the waste flow or nothing, depending on the comparison of the private cost of
recycling with the public disutility of waste. Hoel (1978) analyzes the long-term path of an
economy that consumes a non-renewable resource and a recycled resource. He shows how
the environmental impact of the use of these resources affects the optimal trajectories of
the economy. In an endogenous growth context, Di Vita (2001) studies an economy that
uses both a non-renewable resource and recycled materials, the use of which harms the
environment by producing waste. The model endogenizes the degree of recyclability of the
accumulated waste: investing in a dedicated R&D sector allows improving recyclability.
In an "AK" growth model without natural resource, Boucekkine and El Ouardighi (2016)
introduce recycling to lighten the flow of waste generated both by capital accumulation
and consumption. Waste storing is however not considered.

In other studies, as in the present one, recycling is justified only as a way to sustain pro-
duction in the long run when the economy is constrained by the scarcity of non-renewable

natural resources. André and Cerda (2006) study an economy that uses two types of natu-

2 A related literature, closed to our dynamic approach, deals with the management of durable goods (see
for instance Levhari and Pindyck, 1981, or Stewart, 1980). Also note that a large part of the studies on
recycling can be found in the industrial organization literature (see for instance Ba and Mahenc (2018) for
a survey on strategic behaviors of recycling firms). We have chosen to focus here on (general-equilibrium)
dynamic contexts.



ral resources, only one of which being recyclable. They show that if recycling may alleviate
resource scarcity in the short term, its ability to prevent negative long-run growth depends
on how much the economy depends on non-renewable and renewable resources. Di Vita
(2007) focuses on the degree of substitutability between the non-renewable resource and
recycled waste in the production process. He then analyses its impact on the economy’s
growth path and the time profile of resource extraction. Pittel et al. (2010) also use an
endogenous growth model with non-renewable and recycled resources; they consider that
the waste flow resulting from the use of these resources depends on the level of economic
activity. They carefully take into account the material balance equation (see also Ayres,
1999) and they show how a market for waste, and subsidies to resource extraction and
recycling allow restoring the social optimum.

In all these studies, the recycling technology is immediately available and used by the
economy. In the present paper however, we assume that the recycling technology initially
produces materials of poor quality that cannot be used in the production process (i.e. at
a large scale). Therefore, as in Di Vita (2001), we consider a sector of R&D devoted to im-
proving the technical properties of the recycled resource. Here, technological improvements
are needed so that the recycled resource reaches a minimum quality threshold. When this
quality level is attained, the secondary material can be used and the recycling activity

starts.

The growth model we develop can be sketched as follows. The production of a consump-
tion good requires (general-purpose) knowledge, labor, and raw material. Raw material
corresponds to flows of a non-renewable resource, in its virgin or recycled form. Its use
vields waste flows that add to a pre-existing stock. The economy can invest in a dedi-
cated research sector to improve the quality of recycled materials. Recycled waste starts
being used as an input as soon as its quality meets a minimum threshold. This threshold
is assumed to be exogenous for simplicity, but the date at which the recycling activity
starts — referred as the technological breakthrough — is endogenous. The main trade-offs
faced by the economy are the following: the intertemporal management of the stock of
non-renewable resource, the intertemporal management of the stock of waste, the use of
the virgin or the recycled resource, and the allocation of efforts between output production

and R&D.

The general optimal conditions derived from the social planner’s program feature a

Ramsey-Keynes condition and a Hotelling rule, of which we provide a full interpretation.



The possibility of recycling makes these conditions more complex than in standard dynamic
resource models. The social planner indeed manages both the remaining stock of virgin
resource and the accumulated stock of waste, which is partially renewable as it is fed by
flows entailed by the use of the virgin resource. The technological breakthrough entails
a discontinuity in the trajectory followed by the economy. When it occurs, resource use
jumps down and then declines at a slower pace. Besides, consumption can jump upwards
or downwards depending on the values of parameters such as the maximal recycling rate
of the virgin resource. In the case of a downward jump, the technological breakthrough
has a negative impact on utility over a finite period.

We also study how the exogenous parameters affect the socially optimal trajectories
and, in particular, the date of the technological breakthrough. Higher values of the growth
rate of the total factor productivity, of the output elasticity of the material input, of
the quality of the virgin resource or of the efficiency of the research sector make the
breakthrough occur earlier. A larger initial stock of waste, higher waste content rates of
the two resources or a higher maximal recycling rate also bring forward the date of the
breakthrough. Conversely, this date is postponed with a higher social discount rate or a
larger initial stock of virgin resource.

We finally consider the impact of the recycling activity and its timing on the economy.
To do so, we compare the trajectories of the studied economy to those of a) an economy
in which recycling is never possible and b) an economy in which recycling is immediately
possible (the breakthrough occurs at date 0). We show that, as compared to both a) and
b), the economy first over-exploits the virgin resource and then under-exploits it after the
breakthrough has occurred. The remaining stock of virgin resource is, therefore, lower
at each date. The use of the virgin resource makes the waste stock higher than in the
never-recycling economy, but it becomes lower after a finite interval of time following
the breakthrough, to remain so forever after. The availability of a recycling technology
has more complex effects on consumption. We show, in particular, how it may reduce

consumption before the breakthrough.

The general model is exposed in Section 2. Section 3 presents the optimal program of
the economy. Then, we characterize the socially optimal trajectories and we study their
properties in Section 4. In Section 5, we analyze how the availability of a recycling activity

affects the economy. Section 6 concludes.



2 The model

We consider an economy where a final consumption good Y is produced from a raw material
M and from labor Ly according to the technology f. Denoting by Ay the total factor
productivity ("TFP" thereafter), the quantity produced at any time ¢ is then given by the
following expression:

Y(t) = f(Ay(t), M(t), Ly (t)), (1)

where the production function f(-) is increasing and concave in each argument. We also
assume that labor and physical materials are essential in production: f(Ay,0,Ly) =

f(Ay, M,0) = 0.

For simplicity, we take the growth of the TFP as exogenous. Denoting by ga, the
growth rate (positive and constant) of Ay and by Ayg = Ay (0) the initial TFP index, we

have Ay (t) = Aygedav?,

The physical input M is made up of two types of materials: a non-renewable resource
X — which we will hereafter refer to as the virgin resource — and a recycled secondary
material Z — which we will refer to as the recycled resource. A quality index is associated
to each of these materials. We denote by Ax the quality of the virgin resource, and by
Ay that of the recycled resource. Ax(t)X(t) and Az(t)Z(t) must then be viewed as the
augmented material inputs that enter the production process at time ¢t. In order to focus
on the recycling-related activities, we assume that the quality index of the virgin resource
is fixed and exogenous: A = Ax(t) > 0, Vt. The quality index of the recycled resource
is subject to improvements resulting from specific R&D activities. We assume that, as
long as this quality is lower than a given fraction of the quality of the virgin resource, the
recycled material cannot be introduced into the production process. Once its quality index
has reached the minimum threshold hA, with h € [0, 1], then it can be used in combination
with the virgin material. In this case, we assume that both types of resources are perfect
substitutes (as in Di Vita, 2001, or Pittel et al., 2010). Consequently, the material input
M can be expressed as follows:

M(t) = (2)

AX(t), Az(t) < hA
{ AX () +Az()Z(t), Az(t) > hA

Starting from a given initial level Azy = Az(0), the quality index Az(t) of the recycled



resource can be improved through the following endogenous R&D process:
Az(t) = 6La(t)Az(t), (3)

where 6 > 0 is a parameter of productivity and L(¢) is the quantity of labor invested in
this R&D activity at time t. For the problem to be meaningful, we clearly must assume

that 0 < Az < hA.

The economy is endowed with a fixed labor amount L, which can be devoted either to

production or to R&D:
L4(t)+ Ly(t) = L. (4)

The virgin resource is extracted from a non-renewable stock according to a one-to-one
technology: one unit of extracted resource yields one unit of virgin material. We assume
that the extraction cost is negligible and then, the virgin resource cost is only captured by
its scarcity rent. Denoting by S(¢) the stock of resource at time ¢, and by Sy = S(0) the

initial reserves, we have the following standard depletion process:
S(t) = =X (1). (5)

The consumption of C(¢) units of final good generates an instantaneous utility u (C(t))
to consumers. The utility function wu(-) satisfies the standard properties (increasing, con-
cave, Inada conditions). Moreover, the utility flows are discounted by consumers at the

social discount rate p, supposed to be positive and constant.

The final output production process generates waste that can be saved and reused. We
assume that recycling is instantaneous, meaning that waste production and dismantling

occur instantaneously and at the same time.?

Within the production process, only the
primary physical inputs — virgin and recycled resources — yield waste. For simplicity, the
waste content rates of the virgin and recycled materials, o and 3 respectively, with o, 5 €
(0,1), are taken as exogenous and constant. Moreover, we also assume that there is no

natural degradation process. At any time, the incoming flow of waste is then a X (t)+5Z(t).

Let W (t) be the cumulative amount of waste at time ¢, and Wy = W (0) the initial stock

®Note that, in this model, we do not consider specific costs of resource extraction or recycling. One
could have considered that storing waste so that it can be used in the future is costly. Such costs could be
expressed in terms of consumption good, labor, or we could assume that storing additional waste partially
degrades the existing stock of waste. Such a feature of the model would complexify the intertemporal
management of the stock of the non-renewable resource. Indeed, beyond reducing the remaining stock
available for future use, the use of the resource at each date would have an instantaneous cost. We assume
away such a cost in order to maintain the model tractable.



inherited from the past. As a flow of waste Z(t) is eventually used by the recycling sector

and thus removed from the accumulated stock W (t), we can write:
W(t) = aX(t) - (1 - B)Z(2). (6)

In the remainder of the paper, we adopt the following conventional notations. We
denote by ¢, the partial derivative of any function () with respect to variable x when
this function contains more than one argument: ¢, = dp(-)/dz. As usual, g, characterizes
the growth rate of variable z: g¢,(t) = @(¢t)/z(t). Last, for simplicity, we drop the time

index when this causes no confusion.

3 The optimal program

The social planner program consists in determining the trajectories of resource extraction,
waste recycling and efforts in R&D and production, that maximize the discounted sum of
utility flows subject to the set of technical constraints. However, the problem turns out to
be discontinuous since the final output has two different expressions depending on whether
the quality index of the recycled material is smaller or larger than the threshold hA. In

this section, we consider separately these two successive phases.

Let T be the (endogenous) time at which Ay is equal to hA, i.e. the date at which
recycling becomes operational. As g4, = L4 > 0, the trajectory of Az is always non-
decreasing. Henceforth, if such a finite time T exists, then it is unique. We define respec-
tively by P; and P, the social planner programs before and after time 7', and we solve

them backwards.

3.1 Recycling phase

Once the recycling option becomes available, ¢.e. after time 7', the optimal program is:

(P2):  max / u(C)e T at,
{X,Z,LaLy} |7

subject to the technological condition C = f(Ay,AX + AzZ,Ly), to the labor use
condition (4), to the dynamic constraints (3), (5) and (6), and to the initial condition

Az(T) = hA. The following constraints on the control variables must also be satisfied:

X)) > 0 (7)
Z(t) > 0 (8)
La(t),Ly(t) € [0,L] (9)



For the moment, we omit these non-negativity conditions which will be verified ex-post.

Denoting by A4, Ag and Ay the co-state variables associated with Az, S and W

respectively, the optimal interior solution must satisfy the following first-order conditions:

W(O) fuA = As—adw (10)

W(O)fuAz = (1-B)w (11)

u'(C)fry, = 6AzAa (12)

As = pAs (13)

Aw = pw (14)

A = (p—6La)da— ' (C)fuZ. (15)

The transversality conditions are:

lim e P TIN (k) =0, w={Az,S,W}. (16)

Conditions (10)-(12) state that the marginal social gain (in terms of utility) of one
unit of input must be equal to its corresponding social marginal cost. More precisely, in
(10), the marginal social gain of one unit of virgin resource equals the scarcity rent Ag
of the non-renewable resource stock, reduced by aly to take into account that this unit
generates waste up to a%, which accumulates into the stock W whose shadow value is
given by Ay. Note that, as long as no negative externality is associated with the stock of
waste, Ay works as a scarcity rent and is unambiguously positive. The same interpretation
applies in (11) for the recycled resource, except that it does not involve the stock of natural
resource but directly the stock of waste. Last, equations (12) is a standard static arbitrage
condition relative to the labor allocation between either production or R&D. The left-
hand side reads as the marginal social gain (in terms of utility) of increasing by one unit
labor in production while the right-hand side represents the marginal social cost (in terms
of knowledge value) of these labor reallocation resulting from a diminution of the effort

devoted to R&D.

Conditions (13) and (14) imply that Ag(t) = Ag(T)e” =T and Ay () = Ay (T)ePt=T),
Consequently, and conditionally on the fact that both resource stocks have a positive value
at time T (i.e. Ag(T) > 0 and Ay (T) > 0), the transversality conditions (16) associated
with S and W reduce to limy_,o S(t) = limy_—yoo W (t) = 0. The stock of natural resource

and the stock of waste must be asymptotically exhausted:

S(T):/TOOX(t)dt and W(T):/Oo[(l—ﬁ)Z(t)—aX(t)]dt. (17)

T

9



By replacing Ay into (10) by its expression in (11), we obtain the following equation:

As o
= At + (125 Azt (18)

This equation states that the marginal social gain of virgin resource use expressed in units
of good, that is the left-hand side of (18), and the total marginal productivity of the
virgin resource, expressed by the right-hand side of (18), must be equal. Note that the
total marginal productivity of the resource embodies the recycling possibility. Any unit of
virgin resource extracted is indeed used a first time, which increases the output by Afy;.
This unit then generates a% of waste from which (1— )% can be valued through recycling.
The ratio a/(1 — ) can be interpreted as the recyclability factor of the virgin resource.
Multiplying this rate by the marginal productivity Az far of the recycled material yields
the second increase in production induced by the virgin resource through recycling. To
simplify the forthcoming equations, let us denote by ¥ the total marginal productivity of
the resource: ¥ = Afy + (ﬁ) Az fu.

We now use Equation (18) to derive the two main conditions that characterize the
socially-optimal intertemporal use of the virgin resource. Denoting by o(C) the inverse
of the elasticity of intertemporal substitution, i.e. o(C) = —Cu”(C)/u/(C), the growth
rate of the marginal utility can be simply expressed as —o(C)gc. Log-differentiating (18)
with respect to time and using (13), we obtain the first following intertemporal arbitrage
condition: )

p+o(C)gc = % (19)
This is the Ramsey-Keynes condition in the specific context of our economy. The standard
Ramsey-Keynes condition characterizes the socially optimal arbitrage made between con-
sumption and capital accumulation. Here, the arbitrage is made between consumption and
the use of the virgin resource. Assume, at date ¢, a marginal reduction of the production
of consumption good through the diminution of resource use. At date t 4 dt, the economy
uses this amount of resource whose total marginal productivity (as expressed in (18)) has
increased while it was kept in situ. The extra amount of consumption good accordingly
produced, represented by the right-hand side of (19), must be the amount of consumption
that compensates households for the loss of one unit of consumption at date ¢, represented
by the left-hand side of (19). What is new here is that, as previously mentioned, the to-
tal marginal productivity ¥ of the virgin resource features the term (ﬁ) Az far, which

accounts for the fact that the waste induced by the use of the virgin resource is recycled

and used as an input for consumption good production.

10



The second dynamic arbitrage condition is obtained as follows. By log-differentiating
(12) and replacing A4 by its expression in (15), one obtains a new expression of the term

p+ o(C)gc. Inserting it in Condition (19) yields:

v fL, fry

Equation (20) can be seen as a Hotelling condition in the context of a dynamic general

¥ fiy n 0AzZ fm _ (20)

equilibrium framework, though modified in two ways. First, there is no physical capital
but knowledge (intellectual capital) accumulation with intertemporal spillovers. Second,
the virgin resource use yields waste that can be reused in the production process. The
economic reasoning behind this condition is the following.

We first consider a given set of time profiles of all variables of the economy: we will
refer to this benchmark as situation 1. We then assume a modification of the time profile
of certain variables that keep the level of consumption good production unchanged at each
date. We refer to this new set of time profiles as situation 2. We thus have Y'1(t) = Y2(#)
for all t, equivalently C'(t) = C?(t). At date t, the economy reallocates one unit of
labor from production to research: L%(t) — Li-(t) = ALy(t) = —ALa,(t) = —1. In
order to maintain the level of output, the economy increases its use of virgin resource by
AX(t) = fr, /¥ that is, the marginal productivity of labor in output production expressed
in terms of resource?. Then, X2(t) = X!(t) + AX(t).

At date t+dt (with dt — 0), the economy reallocates the unit of labor from research to
production: L (t+dt) = Ly (t+dt) and L% (t+dt) = L (t+dt). Between t and ¢+ dt,
the stock of knowledge Az has increased due to the additional unit of labor in research
within this interval and due to the (accordingly) increased level of knowledge Az (through
intertemporal knowledge spillovers). This allows the economy to maintain the level of
output production (Y2(t+dt) = Y'!(t+dt)) while saving a certain amount of virgin resource,
AX (t+dt). To express AX (t+dt), one has to consider the extra amount of output produced
through the increased effort in research: d[0AzZ far] /dt+0AzZ far, where Az Z fir is the
increase in output production induced by a marginal increase in labor devoted to research®.

Expressed in terms of resource, this amount is: [d (0AzZ far) /dt + 6AzZ far] /¥. Then,

‘From AY = fay AAy + fuAM + fr, ALy, with ALy = —1 and AAy = 0 (as the discrete changes

in stocks at a given time ¢ are nil), then AM must be equal to fLT? to maintain the same level of output.
The economy can thus compensate for the amount of labor devoted to production by increasing its use of
virgin resource X and/or recycled resource Z (recall that AM = AAX +AzAZ+ZAAz, with AAz =0).

Moreover, as AW = 0, we must have AZ = (ﬁ) AX from (6). Then, AX = ﬁ.
1-p5)“%2

®Indeed, § Az is the marginal productivity of labor in research (see (3)) and Z fys the marginal produc-
tivity of knowledge dedicated to the recycled resource.

11



by dividing this expression by the rate of growth of the total marginal productivity of
the resource, we take into account that the productivity of the resource evolves over the

interval (t;t + dt). We thus have AX(t 4 dt) = d\I/\I;dt X d[‘SAZZfM]/\IfltMAZZfM. Since

0AzZ far = fr,, that is, the marginal productivity of labor is the same in production

. Ly +0A
and research, we obtain AX (¢t + dt) = fLY;r\I,i/CZMR

. Condition (20) states that, at the
optimum, AX (t) and AX (¢ 4+ dt) must be equal; in other words, the labor transfer from

output production to research does not allow to save virgin resource.

Finally, note that from (10)-(11) and (13)-(14), the marginal productivity of the natural
resource and of the recycled material, respectively Afyr and Az fys, must grow at the same
rate. This result is driven by the assumption of perfect substitution between the two types
of resources. The additional assumption of a constant quality index for the virgin resource
then simplifies the analysis as it implies that the quality index of the recycled resource must
also be constant. An immediate consequence is that no more effort in R&D is made once

the quality of the secondary raw material has reached the required (minimum) threshold:
Vt >T: Az(t)=hA, La(t)=0 and Ly(t)= L. (21)
3.2 Pre-recycling phase

Before time T, as the secondary material cannot be used for production yet, we have
M = AX from (2). Denoting by Va(Az(T),S(T), W (T)) the value function of program

Py at time T, we can write the initial program P; as follows:

T
Pu): s [ u(C)e Pt Vi AL(T), S W(T))

subject to the condition C' = f(Ay, AX, Ly), to the labor use constraint (4), and to the
dynamic constraints (3), (5), (6). Note that, as the cumulative waste equation (6) is now
reduced to W = aX, the trajectories of the resource reserves and of the waste stock are

linked through the following relation:
W(t) = Wo + a(So — S(t)), Vt € [0, 7).

The first-order conditions of P; are very similar to those of Pa. Conditions (10), (12),

(13) and (14) are the same. Condition (11) is no longer valid, whereas (15) becomes:
A= (p—06La)Aa. (22)

Note that even if some conditions have the same expression, the anticipation of the recycling

option availability at time 7T is captured by the shadow prices, which may follow different

12



trajectories than under Py. The transversality conditions at time T are:

MT) = T (). S, W(T)) 23
M(T7) = g VAT, S, W) (24)
NT) = e VAT ST, W(T ) (25)

Last, the intertemporal trade-off condition writes:

_ D _ iy
prolOe = 4 = Ty

which means that, under Py, the productivity of the resource and of labor must grow at

(26)
the same rate.

4 Optimal trajectories of the economy

To illustrate the recycling problem with endogenous technical breakthrough and provide
an example of optimal trajectories, we consider the following standard functional forms.
Utility is characterized by a CES function of parameter o > 0 and output production is
described by a Cobb-Douglas function of parameter € € (0,1): u(C) = C'=7/(1 — o) and
f(Ay,M,Ly) = Ay M¢Ly "

Using these specified analytical forms, we study in this section the main qualitative
properties of the optimal paths we have obtained. In particular, we explain their behavior
at the time the economy switches from the pre-recycling to the recycling phases. We also

analyze the sensitivity of the optimal variables to some key parameters of the model.

4.1 Qualitative properties of the optimal trajectories

The computational details of the social planner’s solution as well as the existence conditions

of this solution are described in Appendix A.l.
Labor allocation

Formal expressions of L4 and Ly are given by:

Lyoe ™ | t<T L—Lype ™™ | t<T
Ly(t) = ! La(t) = ! 2
vo={ 1 ST wa Law-={ ) AT e

where the initial level of productive labor is Ly¢ = Ly (0) = %714:5&?)0' The initial qual-

ity index of recycled material Azq is not high enough to allow using this input. Before time

13



T, the effort L4 devoted to the improvement of the recycled resource quality continuously
rises and it stops once the required quality threshold is reached. The effort in R&D thus
instantaneously falls to zero at time 7', as depicted in Figure 1-a. Consequently, since the
total labor supply L is constant (c.f. (4)), the effort in production Ly declines throughout
the first phase, then jumps to level L at date T, and remains at this level onwards.

The quality index of the recycling material is exponentially increasing until 7" and then
forever equal to hA (see expression (A.27) in the appendix). The optimal switching time

T is endogenously determined in such a way that Az is continuous.®

Virgin resource use

The optimal path of the virgin resource use is given by:

ESpekt t<T o p—(1—0)ga, p—(1—0)ga,
e -~ h = = .
Q { kSgelk=RT=kt ¢ > T with & o X 1—€(l-o0)
(28)

Resource use is always exponentially decreasing through time — at rate k during the pre-
recycling phase and at rate k during the recycling phase — and it asymptotically tends
towards zero. In this sense, it follows a standard Hotelling depletion process, but discon-
tinuous here. Let AX(T) = X(T") — X(T~) denote the magnitude of the jump made
by X at time T. From (28), we have AX(T) = (k — l%)Soe*i“T, which is negative as
k—k=(1—-0)(1—e€k/o>0. This means that virgin resource use jumps down at time
T and then follows a less sloping declining path, as illustrated in Figure 1-b. At that
time indeed, the constraint on the virgin resource consumption is partially relaxed since i)
recycling becomes operational, and ii) the whole labor flow is allocated to production (see
below). Consequently, the resource stock, as given by expression (A.24) in Appendix A.1,
is continuously declining until its full exhaustion, but its trajectory is less steep declining

after T' than before T.

Recycling activity and waste accumulation

The optimal trajectories of Z and W are given by:

0 L t<T . Wo+aS
Z(t) = { k(bsoe_k(t_T) ’ t Z T Wlth (b = m 5 (29)
Wo + aSo(1 — e=kt) L t<T
t) = ;
W { Wo+aSo(l = e )| e =)y > (30)

5We show in Appendix A.1 that the optimal date T is determined as the solution of the following

equation: LT = In (:—jﬂ) + % (1 - e_f“T).
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Figure 1: Optimal trajectories of the model

15



In (29), ® can be interpreted as the maximal recycling rate of the virgin resource
stock. Indeed, we can verify that the total use of the recycled resource f;o Z(t)dt amounts
to (Wo + aSp)/(1 — B), which formally reads as the maximal quantity of waste that can
be generated over the planning horizon divided by the net recycling rate of the secondary
material. By dividing this expression by Sy, we obtain a ratio reflecting the maximal
recycling potential of the virgin resource.

As shown in Figure 1-c, the flow of recycled material is first nil. At time 7', it jumps
upwards to its maximal value Z(T) = k®Sp and then behaves as X(¢) by following a
trajectory that exponentially declines at rate k and that asymptotically converges towards
zero. This partially explains the fact that, as previously mentioned (see Figure 1-b), virgin
resource use is more intensive before T'. During the pre-recycling phase indeed, resource use
has two purposes: first, the immediate production of output in order to meet consumption
needs; second, the accumulation of a stock of waste that will be used to produce recycled
material during the second phase. Since the maximum of the recycling activity is reached
at time T" and then steadily declines, the waste stock needs to be high enough at this date.

The stock of waste, yielded by the use of the virgin and recycled resources, is first

increasing before T and next declining until exhaustion (see Figure 1-d).

Consumption

The translation of the previous results in term of consumption is complex. On the one
hand, as we show below, the optimal consumption trajectory can be either increasing or
decreasing. On the other hand, the nature of the jump at time 7" depends on the relative
magnitude of the jumps made by the different inputs in the production function.

The consumption path is given by:

Ooegct ,t<T
C(t) - { CTegc(th) , t Z T ’ (31)
where Cp = C(0) = Ayo(AX0)°Lyy and Cr = O(T) = Ay (T)[AX(T) + hAZ(T)]° L.
The growth rates of consumption during the pre-recycling and recycling phases, respec-

tively denoted by gc and g¢, are:

__gay —p gay —€p
go=""—— and go=_—"

o l1—€e(l—0)" (32)

We show in Appendix A.1 that go > go. In other words, consumption grows faster — or

decreases more slowly in case of negative rates — after date 7.
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We first consider the sign of these growth rates. We know that consumption is a
combination of three factors (see (1)): TFP (Ay), material input (M) and labor (Ly).
Its potential growth is only (exogenously) driven by Ay, as Ly is declining during the
pre-recycling phase and constant afterwards, and M is always decreasing (as a linear
combination of virgin and recycled resources, both being declining as previously shown).
More precisely, we show that go and go can be positive or negative depending on the level
of the TFP growth rate g4, relative to the social discount rate p and the input substitution
parameter €. The three following cases can occur:

p < gay = g >0 and go >0,
gay < p<gay/e = goc <0 and go >0,

gayJe<p = g <0 and go <0.

As usual, time impatience favors immediate consumption to the detriment of future
consumption. Consequently, the larger the social discount rate, the weaker the consump-
tion growth rate, with negative values below a given threshold. For intermediate values of
p, the optimal growth path may be U-shaped (with a discontinuity at the bottom of the
U): decreasing over time during the non-recycling phase, and then increasing during the
recycling phase. For simplicity, and to reduce the number of scenarios, we only illustrate
in Figures 1-e and 1-f cases where both go and go are positive, that is cases where the

social discount rate is not too high.

We now turn to the discontinuity of C' at time 7. The combination of a downward
jump in virgin resource and upward jumps in both recycled material and productive labor
(see previous findings) results, a priori, in an undetermined overall jump in consumption.
Conclusions depend on the relative magnitude of jumps in inputs and on the substitutabil-
ity properties of the production function. We show in Appendix A.2 that large values of
® (the maximal recycling rate of the virgin resource stock) are a sufficient condition for
consumption to jump upwards at time 7. This case is illustrated in Figure 1-e while the
other case — the case of a downward jump in consumption — is represented in Figure 1-f.
However, we also show in Appendix A.2 that the jump is always positive in the particular

case where 0 =1 (i.e. with a logarithm utility function).

Recall that utility only depends on consumption here. For this reason, the preceding
analysis of the jump in consumption shows that the technological breakthrough may have
a negative impact on utility at the time T of its occurrence and over a certain period of

adjustment (see Figure 1-f), before the pre-recycling utility level is reached again.
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4.2 Comparative dynamic analysis

We now perform some comparative dynamics so as to analyze the sensitivity of the most
relevant variables, including the date T' of occurrence of the technological breakthrough,
to the exogenous parameters of the model. We do not intend to be exhaustive here, we
rather focus on the main insights — a complete presentation of the comparative dynamics

is provided in Appendix A.3, Table 1.

Parameters characterizing the preferences

An increase in the social discount rate p means that the representative household obtains
more utility from current consumption relative to future consumption. In order to increase
consumption today, the social planner increases early extraction, which means that future
extraction gets lower. The extraction of the virgin resource before T is thus accelerated:
gx decreases (recall that gx = l;:) Simultaneously, a higher p entails stronger initial efforts
in production: Ly is increased. As a consequence, the initial effort in research gets lower,
that is L 49 decreases, and ga,, the growth of the quality of the recycled resource, is slower.
Hence, for a given initial quality Azg, the date at which the recycled resource reaches the
minimum quality threshold hA — and starts to get used in the production process — is

postponed.

An increase in the elasticity of marginal utility ¢ means that the representative house-
hold derives more utility from a uniform consumption path, ceteris paribus. Here, in order
to achieve a flatter consumption path, the social planner invests less in R&D (investing
would imply a higher consumption tomorrow): L4o and ga, both decrease. This too

entails a later occurrence of the technological breakthrough: T increases.

Parameters characterizing the output production technology

In our framework, the total factor productivity (TFP) Ay is taken as exogenous and
growing at constant rate ga,. A higher growth of TFP allows the planner to slow down
resource extraction between 0 and T: less resource is used during the early periods and
more in the future periods. In other words, gx (that is, l;:) gets higher for all t < T'. For a
given level of Ay, the increase in ga, entails higher Ay for all ¢. Therefore, the planner
devotes less labor to the production of output: Ly and g, both get lower. Consequently,

the effort in research L4 is higher at each date t < T. Thus R&D is more intensive, the
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quality of the recycled resource grows faster, and the technological breakthrough is reached

earlier.

An increase in the output elasticity of raw material ¢ means that the material input
M gets more productive (relative to labor). In this case, the economy relies more heavily
on the flows of resource and hence the need for an additional source of material is more
pressing. Therefore the economy transfers labor from production to research and by this

makes the technological breakthrough happen sooner: 7' gets lower.

Parameters characterizing the research sector

Parameter A characterizes the quality level of the virgin resource. With a higher A, the
economy requires that the recycled resource reaches a higher quality threshold before it
starts to get used in the production process. Ceteris paribus and, in particular, for a given
investment in R&D, this postpones the date T of the breakthrough. The impact of Az,
the initial quality level of the recycled resource, is obviously opposite. A higher Azg means
that the distance to (a given) level hA is shorter; the quality threshold is thus reached

faster, and the technological breakthrough occurs at an earlier date.

A higher  means that the R&D sector is more efficient. In such a case, Ly is lower
while gz, is unchanged. This means that, at each date ¢t < T', the effort in research L4
is higher and the quality of the recycled resource grows faster. The breakthrough occurs

earlier here too.

Parameters characterizing the recycling sector

With a higher Sy, the initial stock of virgin resource is larger and the need for a comple-
mentary resource is thus less urgent. Hence the social planner can use more virgin resource
at each date between 0 and 7', that is X gets higher, and devotes more labor to production
and thus less to research: L4 is lower. Thus the quality of the recycled resource grows less

fast and the technological breakthrough occurs later.

The initial stock of waste W and the waste content rates of the two resources, o and
B have similar effects on the economy’s trajectories and henceforth on the date of the
technological breakthrough. A larger initial stock of waste Wy means that, for a given

path of resource use between 0 and T, the stock of recycled resource to be used from
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date T on is larger. This makes the technological breakthrough more significant. Hence
the economy increases its effort in R&D, that is L(t) gets higher for all ¢ < T', and the
recycled resource starts to get used sooner in the production process. Similarly, if the
waste content of the virgin resource, «, and the waste content of the recycled resource, 3,
are higher, the planner gets an incentive to invest more in research, and the technological

breakthrough occurs earlier. We have introduced ® = I(/‘l/(’_‘gc)‘g? as the maximal recycling

rate; a higher ® thus also brings forward the date of the breakthrough.

5 Effects of the availability of a recycling technology

We analyze here how the availability of a recycling technology affects the trajectory followed
by the economy. To do so, we consider three cases. First, an economy in which no recycling
technology is available at any date t. Hereafter, we refer to this case as the "never-recycling
economy". This is obviously a particular case of the economy studied in the last sections,
in which date T tends towards infinity (equivalently, h — oo, see (2)). Second, we consider
an economy in which the recycling option is available at date 0. In other words, the quality
threshold at which the recycled resource starts to be used is instantaneously met: T = 0,
and thus Azg = hA. We will refer to this case as the "always-recycling economy". The
third case is the general case studied in Sections 2-4 in which recycling is possible after

date T. We will refer to this case as the "T-recycling economy™.

We first characterize the trajectories of the never and always-recycling economies. In
both cases, we can easily show that the marginal social value of (Az-type) R&D is nil.
Consequently, at any point in time, the total amount of available labor is allocated to
production and the set of control variables reduces to the uses of raw material only. How-
ever, in this "cake-eating" problem, the nature and the availability of the stocks of re-
sources differ in each case. In the never-recycling economy, only the virgin resource can be
used and the final consumption good is produced according to the following technological
form: C' = Ay (AX)¢L'~¢. In the always-recycling economy, thanks to recycling activities,
the initial stock of waste Wy can be exploited at rate Z as a complementary resource:

C = Ay (AX + hAZ) L'~
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The optimal trajectories of such a program are the following: 7

Xo(t) = Xo(t) = kSee ™ and Sp(t) = Sa(t) = Spe ™, (33)
Zo(t) = 0 and Z,(t) = k®Spe *t, (34)
W,(t) = Wo+ aSo (1—6*’“) and Wo(t) = Woe ™, (35)
Cu(t) = Cnoe?ct, with Cpo = Ayo(AkSy) L', (36)
Co(t) = Cuoe’!, with Cao = Ayo(AkSo) (1 + h®) L™, (37)

From (33), virgin-resource use in the never-recycling economy is identical to virgin-
resource use in the always-recycling economy. As shown in Section 4.1, the emergence of
a technological breakthrough at date 7' > 0, which characterizes the T-recycling economy;,
yields a discontinuity in the trajectory of resource use at date T. These three extrac-
tion paths are depicted in Figure 2-a. Before the breakthrough, we can see that the
T-recycling economy over-exploits the resource — as compared to the never and always-
recycling economy. Indeed, part of the labor flow Ly directed to production in the never
and always-recycling economies is affected to R&D in the T-recycling economy. The T-
recycling economy thus compensates for this lower input use by using higher flows of
resource X. Moreover, this yields additional flows of waste: the stock of waste that can
be recycled from date T on is thus higher. After the breakthrough, the whole amount of
labor available L is devoted to production and the recycled resource Z starts to get used.
This allows the T-recycling economy to use lower levels of virgin resource X at each date
t > T. Figure 2-b illustrates the over-exploitation of the virgin resource stock S by the

T-recycling economy at each date ¢t > 0.

Figure 2-¢ depicts the trajectories of the waste stock. From (35), the stock of waste W,,
in the never-recycling economy grows over time and asymptotically tends to its upper limit
level Wy + aSp (see the dashed curve in Figue 2-¢). In other words, as the never-recycling
economy uses the non-renewable resource, the associated waste adds to the existing stock
until the whole resource stock is exhausted. The stock of waste W, in the always-recycling
economy exponentially declines from Wy down to 0. This means that the amount of waste
produced is instantaneously re-used by the production process and that the stock of waste

follows a continuous depletion process. The impact of the immediate availability of a

"The subscript n denotes variables characterizing the never-recycling economy and the subscript a,
variables characterizing the always-recycling economy.
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Figure 2: Effect of the availability of the recycling technology
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recycling technology is therefore unambiguous: the stock of waste is lower at each date
t>0.

Equation (30) presents the trajectory of the stock of waste in the T-recycling economy.
Before date T', W increases and is higher than W,, at each date. At date T, the stock
reaches its maximum level Wy + aSp(1 — e_i’“T) and then starts to steadily decline, to
asymptotically converge towards 0 since, in the long-run, the T-recycling economy uses
waste until its stock gets exhausted (see Section 4.1). Conversely, the never-recycling
economy keeps accumulating waste after date T" and W), gets higher than W at any date
T > T. In other words, the recycling option makes the stock of waste larger until date T.

After this date, the stock of waste is lower in the T-recycling economy.®

From the expressions (36) and (37), one can see that the growth rate of consumption
is identical in the never-recycling and the always-recycling economies. Moreover, it is
straightforward that Cyo > Chrhg. One can thus conclude that the immediate availability of
a recycling technology has a positive impact on consumption: C,(t) > Cy(t) for all ¢.

Comparing consumption in the T-recycling economy with consumption in the always
and never-recycling cases involves numerous complex scenarios that depend on various
parameters of the model, notably including ®. Deriving clear conclusions is not possible
at this stage. However, in the specific case of a logarithm utility, that is when ¢ = 1
(a case in which the jump in consumption in the T-recycling economy is always positive
as already mentioned), we show in Appendix A.2 that the consumption paths verify the
following ranking: Cuo > Cpo > Co and C(T) > C,(T) > C,(T), as illustrated in Figure
3. For any t < T, the T-recycling economy is characterized by consumption levels lower
than those in the always and never-recycling economies. Conversely, once the technological
breakthrough has occurred, consumption in the T-recycling economy is higher than in the

other two economies.

6 Concluding remarks

The aim of this paper is first to study the socially optimal path of an economy that needs to

invest in research so that recycling becomes operational. We also want to understand how

8Regardless of its date of occurrence, the maximal level reached by a stock of pollutant is a serious
concern for many — since irreversible damages may occur after certain thresholds. Here, this maximal level
W (T) is reached earlier by the T-recycling economy; however, it is lower than the maximal level reached by

the never-recycling economy. Indeed, the difference between the two is equal to [Wo + aSo(1 — eff“T)] -

(Wo + @So), which is negative since e kT > 0.
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Figure 3: Optimal consumption — Case 0 =1

the emergence of the recycling technology — what we call the technological breakthrough
— affects the economy. To do so, we utilize a dynamic model with recycling and R&D,
in which the use of recycled materials produced from waste requires a prior investment in

research so that the quality of the recycled resource meets a certain standard.

We first present the general optimality conditions derived from the social planner’s
program. We characterize a Ramsey-Keynes condition and a Hotelling condition that take
new forms in the presence of a recycling activity; we also provide a full interpretation of
these conditions. In particular, we show how these conditions tackle the joint dynamics of
the remaining stock of virgin resource and of the accumulated stock of waste, the latter
stock being partially renewable as it is fed by flows entailed by the virgin resource use.

We then study the socially optimal trajectories of the economy, and especially the
discontinuity induced by the technological breakthrough. At the time of the breakthrough,
resource use jumps down and then follows a less sloping declining path. The jump in
consumption is ambiguous. If the social discount rate is not too high, consumption grows
over time; however, depending on the values of parameters such as the maximal recycling
rate of the virgin resource, consumption can jump upwards or downwards at the time of
the breakthrough. In the latter case, the technological breakthrough has a negative impact
on utility during a finite period. We also consider the sensitivity of the optimal trajectories

to the exogenous parameters. In particular, we study how these parameters affect the date
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of the technological breakthrough.

Next, we compare the general trajectories of this economy to two particular cases: an
economy in which recycling is never possible and an economy where recycling is imme-
diately operational. This allow us analyzing the impact of the recycling activity and its
timing. We show that, as compared with these two particular cases, the economy over-
exploits the virgin resource before the breakthrough, and then uses lower flows after this
date. Besides, the waste stock is initially higher than in the never-recycling economy, but
eventually becomes lower after a finite interval of time following the breakthrough and
remains so forever after. The impact of the availability of a recycling technology on con-
sumption is more complex. It results from combined effects on the different inputs. As
previously mentioned, the virgin resource use is accelerated; besides, part of the whole
labor force is directed from production to research until the breakthrough occurs. Accord-
ing to the relative strengths of these effects, which depend on the exogenous parameters
of the model (and notably the maximal recycling rate), the availability of the recycling
technology may reduce consumption before the breakthrough; this is what we illustrate in

the simple case of a logarithm utility function.

To get a tractable framework, we have made simplifying hypotheses. One major sim-
plification is that we assume away environmental externalities. The use of many resources
like, say plastics, yields flows of waste and their accumulated stocks are a major concern for
public health and ecosystems - see for instance the "Great Pacific Garbage Patch" (UNEP,
2016). One characteristic of most recycling activities is that, besides from producing ad-
ditional inputs for production, they allow reducing such pollution stocks and thus induce
additional welfare gains. In other respects, it is well known that the use of many non-
renewable resources in the production process yields greenhouse gas (GHG) emissions.
However, using virgin materials to produce output does not yield the same amount of
GHG than using recycled materials. "Producing new products with secondary materials
can save significant energy. For example, producing aluminum from recycled aluminum
requires 95% less energy than producing it from virgin materials." (World Bank, 2012).
As mentioned before, the availability of a recycling technology accelerates resource use be-
fore the breakthrough. This means that, in the absence of environmental externality, the
recycling option accelerates GHG emissions. This result may be nuanced in a framework
in which, for instance, utility is negatively affected by carbon accumulation.

Finally, the introduction of environmental externalities in this framework paves the way

25



for the study of pro-recycling policy that may be necessary for a decentralized economy to

achieve the type of first-best outcomes analyzed in the present paper. We leave this for

future research.
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Appendix A.1 Computation of the optimal trajectories

A.1.1 Analytical solution of program P,

We know that, for t > T, Az(t) = hA, La(t) = 0 and Ly (t) = L, which implies g4, =
gy = 0. Given that C = Ay M€Li~¢, equations (19) and (20) can be rewritten as:

f

p+oge = = p—(1—-0)gc=—gu (A.1)
[
ShAZ far SehALZ
— g — il —(1 - = — A2
p+0ogc =9gc — gLy + T (1-0)gc 1= oM (A.2)
As gc = gay +egu + (1 —€)gr, = ga, + €gur, equation (A.1) implies:
—€

T 1- e(l—o)
Combining (A.1) with (A.2), we obtain gyyM = —(6ehALZ)/(1 — ¢€), which imposes gas
to be negative. Replacing M by A(X + hZ) in this last expression, we have:

X edL
h7 —_— _m - 1 . (A.4)

As g¢ is constant (from (A.3)), gas is constant too (from (A.1)). Log-differentiating (A.4)
with respect to time, we obtain gy = gz. Next, differentiating M = A(X + hZ) with
respect to time yields M = A(gxX + gzhZ) = gxM, and then gy = gx. Finally, we

obtain:
p—(1—0)ga,
—1_6(1_0) } ) (A.5)

Last, as X and Z grow at the same constant (negative) rate given by (A.5), we can

QXZQZZQM:[

easily solve the linear differential equation system (5)-(6) to get the optimal trajectories
of resource extraction and of waste recycling. To conclude, the entire solution of Py is

characterized in the following lemma.

Lemma 1 Fort € [T,0), the optimal trajectories of the model are:

X(@t) = X(T)e *=T).  X(T)=kS(T)

Z(t) = Z(T)e *1; Z(T) = :
S(t) = S(T)efk(th); W (t) :W(T)efk(th)
C(t) = C(T)ecT  C(T) = Ay(T) [AX(T) + hAZ(T)| L'~

where k= [p— (1 —0)ga, ]/[1 — €(1 — 0)] and where gc is given by (A.3).
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From the expression of C' as given in Lemma 1 and noting that go = (p — k)/(1 — o),

the optimal value of program P, can be simply expressed as:

Va(Az(T), S(T), W (T)) = / Oou(c)e*/)(t*T)dt

T
_ C(T)lfa o7} k(i B C(T)lfg

where C(T) = Ay(T) [AX(T) + Az(T)Z(T)]“ L'=¢ and Ay (T) = Ayoe?*rT. We can

then compute the following derivatives:

% ~eZ(T) o

8AZ(2T)  EM(T) (@)’ (A7)
A% oV; €A o
550 o - uaC (A4.8)

A.1.2 Analytical solution of program P,

In what follows, growth rates with an upper tilde refer to the optimal trajectories under
program Pj. As long as t < T, consumption amounts to C' = Ay(le)eL%/_E. The
intertemporal trade-off condition (26) directly implies that §x = gr,, = (1 —0)gc — p. As
gc = ga, +€gx + (1 —€)gr, , we can deduce the optimal growth rate of consumption for
te0,7T):

gC:M_ (A.9)
o

As we know the growth rates of all the control variables (note also that Ly = L — Ly), we
can then solve the state equations (3)-(6) and characterize the solution of program P; as

follows.

Lemma 2 Fort € [0,T), the optimal trajectories of the model are:

X(t) = kSoe ™; S(t) = Soe ™ W(t) = Wo+ aSy(1 — e )

Ly(t) = Ly(0)e ™ La(t) = L— Ly(t)

Az(t) = Agpexp [5Lt — (SLZ(O)(l — e—’;t)]

Ct) = C0)e:  C(0) = Ay (A];:S())eLy(O)l’e,

where k = [p— (1 — 0)gay]/o, where jo is given by (A.9), and where Ly (0) and T are
endogenous variables that must be determined from the set of continuity and transversality

conditions at time T.
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A.1.3 Transversality conditions at time T

Given the expression of the state variables provided by Lemma 1 and 2, we can deduce the

following continuity conditions at time 7"

S(T7)=S8(TY) & S(T) = Se ™" (A.10)
W(T™)=W(Th) & W(T)=W+aSy(l—e ) ) (A.11)
Ay(T7)=hA & 6LT = ‘5LZ(O) (1 - e—”) +1n <ZZAO> . (A12)

Next, we analyze the transversality conditions as given by (23)-(25). We need first to
characterize the trajectories of the co-state variables. Solving the differential equations

(13), (14) and (22) for t € [0,T) results in:

As(t) = Ag(0)e” (A.13)
Aw () = Aw(0)e” (A.14)
Aa(t) %’eﬂt : (A.15)

where Ag(0), Ay (0) and A4(0) are endogenous variables that must satisfy the first-order
conditions (10) and (12) at time ¢ = 0O:

€

As(0) — ady (0) = %SOC(O)I_” (A.16)
Aa(0) = M(Zlozj(o)cm)“f. (A.17)

Combining (A.13)-(A.15) with (A.16)-(A.17), we have:

€

As(T7) —adw(T7) = ];SOC(O)l_“e”T (A.18)
(T = MC(O)H@PT‘. (A.19)

Next, using the transversality conditions (23)-(25) together with (A.18)-(A.19) and rear-

ranging the outcome, expressions (A.7)-(A.8) can be rewritten as follows:

c 1t _ e0hALy(0)Z(T)
(T) [C(TJ e’ = Ko (A.20)
-0
M(T) [g((;))} e’T = kS)A (A.21)

These two last equations allow for determining the optimal initial level of effort in produc-
tion. Last, given this optimal value of Ly (0), the optimal switching time T is obtained as

the solution of the continuity equation (A.12).
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A.1.4 Optimal trajectories: Summary

The optimal solution is characterized by the following trajectories:

N /;S()e*fct , t<T
X(t) = {ksoe%—’%)T—kt iy (A.22)

Z(t) = {2(W0+a5())6—k(t—T) 7 ii; (A.23)
(-7 , 12

St = {ﬁﬁi&kfm_kt il (A21)

o < (TS T

Ly(t) = L—Lalt) = { éyoeh i;; (A.26)

Az(t) = {Z‘goe"p L S I . (A.27)

where the initial level of productive labor is given by:

_ k(A= =5)S

Lyo = Ly (0) = A28
vo=Lv(0) = S, +asy) (4.28)
and where the optimal switching time T is solution of the following equation:
hA So(1 —€)(1 - B) —kT
OLT =1 1-— . A.29
. (AZQ> + Eh(W() + OéS()) ( € ) ( )

We can easily verify that that such an interior solution exists, i.e. that the non-
negativity constraints (7)-(9) hold, if and only if Ly € (0,L), k > 0 and k > 0. This

corresponds to a set of parameters that must satisfy the following conditions:

(1-0)gay, < p, (A.30)
k(1 -e(1-p)S
Lyo = 5eh(Wo—|—aSO)0 < L. (A.31)

Condition (A.30) states that, to justify resource extraction and recycling, the social dis-
count rate must be large enough as compared with the exogenous trend parameter of
technical progress (this condition guarantees that both k and k are positive). Condition

(A.31) says that the total amount of effort (i.e. labor) must be large enough.

Appendix A.2 Properties of the consumption path

A.2.1 General case, for any o

We first focus on the discrete jump in consumption at time ¢. The size of this jump is

given by AC(T) = C(T*) — C(T7), where C(TT) = Ay (T)M(TT)L'~€ and C(T7) =
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Ay (T)M(T™)Ly(T~)'=¢. Then, we can write:

sez0 e [MII) (0]

Denoting by AM% and ALy % the percentage of instantaneous variation at time 7" of M

and Ly respectively, the previous expression becomes:
AC(T)>0 & (AM%+1)x (ALy%+1)"“>1,

which states that if the multiplier of M (first term in bracket) is larger than one, then, given
that ALy % > 0, consumption jumps up. For the other cases, that is if this multiplier is
smaller than one, the multiplier of L (second term in brackets, always larger than one) must
be large enough and/or the substitution parameter ¢ must be small enough to compensate
for the instantaneous decrease in material inputs and then get a positive jump in C.

A positive jump in the material input would thus be a sufficient condition for con-
sumption to jump upwards. From (2), this jump in M is given by AM(T) = A[AX(T) +
hAZ(T)]. Developing this expression, we get:

W0+a50> B (1—0)(1 —E)Sg —IET:|
1-p o c

= AMT) > 0 & & > (1_‘7]3(51_6) (A.32)

where ® = (Wy+aSy)/(1—3)Sy and where, from (A.29), T can be expressed as a function
of &:

AM(T) = Ak [h<

T(®)iss.t. 0LT =1n (Zi) + (16};1)6) (1 — eil}T> . (A.33)

Let consider the function g(®) = DekT | with J(®) = (1 + q)l;:é%) ek T, Differentiating
(A.33) with respect to ®, we obtain:

dr _ g (1= e t)
A s

which is proved to be negative (see Appendix A.3, Table 1). As the numerator of this ratio

is negative, the denominator must be positive. After computation, we get:

1—e)k L
P et o
SL — k(1—¢) e—kT

eh®

As just shown, the denominator of this expression is positive. Moreover, the numerator is
also positive given the existence condition (A.31). Then, function ¢(.) is increasing in ®.

Coming back to (A.32), we can conclude that AM (T) is positive if and only if ® is larger
than ¢! <7(170)(176)>.

ho
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A.2.2 Particular case 0 =1

When o =1, i.e. when u(C) = InC, the optimal trajectories of the T-recycling economy
are given by:
X(t) = pSpe™” and S(t) = Spe™

_J0 [ Wo+aSy(1—e )
Z(t) = { @ Spe—Pt=T) and W(t) = { [W0+a5’0(1 _e—pT)] o—P(t=T)

Lyge Chel9ay —p)t
Ly(t) = { L and C(t) = { C(j)“e(gAyfﬁﬂ)(th)
where Lyg = 2555}, Co = Ayo(ApSo) Ly, Cr = Ay (T)(ApSe)*(e T + hd)L'~¢ and

where T is solution of:
OLT =1n (ZA> + Lyo (1 — efpt) :
Z0 P

In this case, the resource extraction trajectory is no longer discontinuous. The other
trajectories evolve as in the general CES utility case. In particular, the optimal consump-
tion grows faster after 7. However, we are now able to precisely characterize the jump
in consumption at time 1'. As labor Ly jumps up, we know that a positive jump in the
material input M would be a sufficient condition for consumption to jump upwards. As
resource extraction is now continuous at time 7', the size of this jump is simply given by
the jump in waste recycling: AM(T) = A[AX(T) + hAZ(T)] = hAp®Sy > 0. Then,

without any ambiguity, consumption now jumps upwards.

With o = 1, consumption in the never-recycling and in the always-recycling economies
are, respectively:

Co(t) = Ayo(ApSy)cL'—celoay —r)t (A.34)

Co(t) = Ayo(ApSo)<(1+ h®) L' ~celay —er)t (A.35)

Obviously, we have Cy(t) > Cy(t) for any t. As C,(0)—C(0) = Ayo(ApSo) (L'~ —Ly") >

0, we can write:

Ca(0) > C,(0) > C(0).

Moreover, as Co(T) — C(T) = Ay (T)(ApSo)L' ¢ [(1 + h®) — (1 4+ h®e!T)e] e=T < 0,
then:
C(T) > Co(T) > Cp(T).

The resulting consumption trajectories are illustrated in Figure 3.
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Appendix A.3 Comparative dynamic analysis

We conduct a sensitivity analysis of the key variables of the model, with respect to the set
of parameters. The results are described in Table 1. Each box indicates the sign of the
partial derivative of the variable mentioned in line with respect to the parameter given in
column. This sign can be positive ("+") or negative ("—"). An empty box means that
there is no relation between the variable and the parameter whereas "?" indicates that the

sign is ambiguous.

Partial differentiation of the growth rates k, k, go and §o, and of the initial values
X (0), Z(T), W(T), Ly and C(0) are trivial so that their computations are not detailed
here. However, the sensitivity analysis of the switching date T is less obvious as we cannot
get a closed-form expression. We simply know that 7' is characterized by the implicit

function (A.29). Let us define the following functions ¢ and j:

hA
(T = 0Lt —1 —_
i(t) n (AZO)

i) = S:}SW_/OEL(Z[;O?) (1= k) = G (.

These functions are depicted in Figure 4. Given their analytical properties, we can observe
graphically that the solution T' to the equation i(T") = j(7T') is unique. Moreover, for this

solution to exist, we must have i'(T") > j/(T).

(1-¢)
ehd

Figure 4: Graphical identification of T’

We apply now the implicit function theorem to ¢ and j. For any parameter z, we
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obtain:

dT 950z — 9ifox _qarN (o o
@ = W = 51811 <dl‘> = S1gn (83’; ax . (A36)

This equation, together with the computations of 9i/0x and 9j/0x, thus allows identifying

the sign of the derivatives of 1" with respect to any parameter x.

Table 1: Comparative dynamic analysis

b N
(e

po ga e S W a B @

+ o+ o+ o+ o+ o+
+ o+ o+ o+ o+t
|
+
+ o+ + o+ o+ o+
+
+
_I._
+
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