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Abstract

Non-renewable and renewable resources are imperfect substitutes due to technical and geographical
constraints. What is the role of imperfect substitution on the optimal transition path to the clean
technologies? We address this question by characterizing the optimal growth path and resource use of an
economy. We show that the economy initially starts with using the non-renewable and renewable
resources simultaneously and gradually increases the share of renewable. The outcome can be either (i)
the economy switches to a backstop at a certain date or (ii) the initial regime lasts forever. The results
show that the economy converges to a steady state even if the backstop is too costly and a green, zero-
carbon economy is the optimal final state in any case. We also present some simulation results to
illustrate the shapes of the optimal paths. This analysis allows us to discuss the policy implications and
question the existence of the Green Paradox.
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1 Introduction

Transition to clean technologies is a gradual and smooth process rather than an instantaneous deci-
sion of switch. There are technical and geographical constraints on the substitution possibilities of
non-renewable and renewable resources, which make them imperfect substitutes. In this paper, we
investigate the role of imperfect substitution on the energy transition.

Traditional approach in the literature is to consider non-renewable and renewable resources as
perfect substitutes. The standard result is the increase of non-renewable price with the Hotelling
(1931) rule. Consequently, the economy instantaneously switches to the backstop at a certain date
when the non-renewable price equals to the price of backstop. Dasgupta and Heal (1974), Heal (1976),
Hoel and Kverndokk (1996), Ploeg and Withagen (2011) and Smulders and Withagen (2012) are
examples of this approach. These studies focus on the extraction path of non-renewable resources, but
they are limited for analyzing the gradual transition to renewables.

Many studies extended this framework to analyze the simultaneous use of resources and the gradual
transition. For example, Ploeg and Withagen (2012) considered convex costs for using the backstop.
They showed the optimal transition of an economy from the only non-renewable use regime to the
simultaneous use regime which then followed by the only backstop use regime. Tsur and Zemel (2003)
considered decreasing costs for the backstop as a result of R&D, which led them to analyze the
simultaneous use regime. Tahvonen (1997) focused on the stock pollution externalities, Chakravorty
et al. (2006) and Chakravorty et al. (2012) included a carbon ceiling to investigate the same issue. Yet,
all of these studies kept the assumption of perfect substitution between non-renewable and renewable
resources.

What are the implications of relaxing the assumption of perfect substitution? And what is the
role of imperfect substitution on the optimal transition path to the clean technologies? In this paper
we address these questions.

These questions were partially answered by Acemoglu et al. (2012), Long (2013) and Michielsen
(2011). Acemoglu et al. (2012) considered two inputs in the economy: clean and dirty, which are
imperfect substitutes. This setting plays a key role in their analysis. They set up an endogenous
growth model to investigate directed technical change and they showed that sustainable growth can
be achieved if the degree of substitution is sufficiently high. Long (2013) investigated the Green
Paradox under imperfect substitution between the clean and dirty fuels. In his work, he showed that
higher degree of substitution may lead to the Green Paradox. He also showed the simultaneous use
regime and the transition to only clean fuel use regime in the presence of a choke price for the fossil
fuel. Similarly, Michielsen (2011) focused on the carbon leakages and considered a non-renewable
resource together with the clean and dirty backstops as imperfect substitutes. He conducted static
analysis whereas he also extended the model in two periods and showed some cases which contradict

the Green Paradox.



In these studies, however, imperfect substitution is a feature of the model rather than the purpose
of the study. The question on the role of imperfect substitution still remains open.

We depart from these studies by focusing only on the transition to clean resources and the role
of imperfect substitution on this process. We present an optimal growth model which is consistent
with the previous literature. We consider non-renewable and renewable resources which are imperfect
substitutes. In addition, we consider a backstop which can be used in any kind of economic activity
without an imperfection, hence a perfect substitute to the other two types. This setting allows us to
investigate the role of imperfect substitution as well as to relate to the wide literature on switching to
a backstop - a clean, efficient and everlasting resource.

Despite our framework is close to Ploeg and Withagen (2011), in line with Heal (1976) we assume
that the non-renewable resource is limited economically instead of physically. This means that the
extraction cost increases as the economy extracts more resource. In this context, we set the problem
where the social planner maximizes the discounted value of intertemporal welfare which is determined
by consumption and damages of non-renewable resource use to the environment. We obtain the
optimal paths and establish the conditions for the resource use choice of the economy.

The results showed that the economy always starts with using the non-renewable and renewable
resources simultaneously. It gradually increases the share of the renewable in production over time.
Two scenarios appear: (i) the economy switches to the backstop at a certain date, (i) the initial
regime lasts forever.

In the initial regime, the optimal allocation of non-renewable and renewable resources depends
on their prices and the degree of substitution. This allows us to define the energy price index which
measures the marginal productivity of energy and feasibility of the backstop. Accordingly, this index
determines the scenario that will be realized. The economy is more likely to switch to the backstop if
it is cheaper and the degree of substitution between non-renewable and renewable resources is lower.

In the first scenario, the economy switches to the backstop when its price is equal to the energy price
index. There is an eztraction ceiling independent of the initial state which depends on the backstop
price, the renewable price and the degree of substitution. It decreases when backstop is cheaper.
Similarly, lower degree of substitution leads to a lower extraction ceiling. These results contradict
the Green Paradox. In the contrary case, higher degree of substitution results as more cumulative
extraction. This implies a Green Paradox and is consistent with the results of Long (2013). After the
switch, the economy converges to a steady state determined by the price of backstop. The welfare in
this steady state is higher if the price of backstop is lower.

In the second scenario, the price of backstop is so high that the condition for switch never holds.
The economy gradually reduces the share of non-renewable resource over time. The role of imperfect
substitution depends on the time period. Lower degree of substitution results as less non-renewable
resource use in the short and medium run, but more in the long run. The economy converges to a

steady state where it uses only renewable resource. This steady state is determined by the renewable



price and the degree of substitution. The welfare in this steady state is higher if the renewable is
cheaper and the degree of substitution is higher.

These results show that even though the backstop is clean and unlimited, it might not always be
the best option the economy has due to the presence of renewable resources we currently use today.
The economy may well switch to the renewables and approach a clean production state. Sustainability
can be achieved even if the backstop is too costly, and a green, zero-carbon economy is optimal final
state in any scenario.

The remainder of the paper is organized as follows. Section 2 introduces the model and character-
izes the general resolution. Section 3 establishes and investigates the two scenarios. Section 4 presents

the results of simulations and illustrates the optimal transition path. Section 5 concludes.

2 The Model

We consider an economy where the social planner maximizes the discounted value of intertemporal
welfare which is measured by consumption of the generic good and environmental damages. The time
is continuous over infinite horizon.

U(C) denotes the instantaneous utility from consumption (C) and it is increasing and strictly
concave in C' (Uc(C) > 0 and Ucc(C) < 0).! We use the constant relative risk aversion (CRRA)

utility function as follows:
1
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where % denotes the relative risk aversion coefficient and o is the elasticity of intertemporal substitu-
tion.

The economy uses capital (K) and energy (F) to produce the generic good. Energy consists of
non-renewable (dirty) (E;) and renewable (clean) (E.) resources and backstop (b). Non-renewable
and renewable resources are imperfect substitutes, and backstop is a perfect substitute to the other
two.

The imperfect substitution of non-renewable and renewable resources is due to technical and ge-
ographical constraints. Renewable resources that we are using today, such as solar and wind power,
have high installation and opportunity costs. For example, to harvest high amount of solar energy, the
economy should allocate significant amount of land which could be used in various economic activities.
There are also technical rigidities, for some industries it might take years to change and adopt the way
the equipment works. The automotive industry could be such an example. Likewise, some resources

require certain land and climate properties, the economy cannot allocate them in other geographies

!For the sake of notational ease, in the rest of the text we will use the subscript for a function to denote its derivative
respect to a variable or argument of the function. For example, fi(.) denotes the derivative of function f respect to
its first argument and f;(.) denotes the derivative of function f respect to variable . We suppress time indices of the
endogenous variables throughout the text for the same reason.



even though their cost is much lower than the others. These reasons lead us to consider imperfect
substitution between the two type of resources.

The function H(.) captures the imperfect substitution and it is in CES form, H(Ey, E.) =
(ydEcll_% + %E;_%)ﬁ where 74 > 0 and 7. > 0 represent the weights of non-renewable and re-
newable in production respectively with v4+ 7. = 1. € denotes the elasticity of substitution. Since we
assume imperfect substitution, it requires to assume € > 1.

The production function F(.) is Cobb-Douglas, F(K, E) = K*E®. a > 0 and 8 > 0 are the output
elasticities of capital and energy in production respectively, and o + § < 1. Embedding the different

types of resources for energy leads to the following form:
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The marginal cost of renewable resource is 7w, > 0 and the marginal cost of backstop is p, > 0. They
are both inexhaustible and have constant marginal costs. We assume that the backstop has higher
marginal cost compared to the renewable (7. < pp). Hence, the difference between backstop and
renewable comes from two facts: the backstop costs more than the renewable and the renewable is
imperfect substitute to the non-renewable resource.

The extraction of non-renewable resource is costly. This cost depends on the level of cumulative
extraction (Z) where Z; = Zy + fst:o E4sds. This approach, which was adopted by Heal (1976), Hoel
and Kverndokk (1996), d’Autume (2012) and many others before, emphasizes that non-renewable
resources are not limited by the nature but there are economic limitations in the long run. As the
economy extracts more resource, the unit extraction cost will increase over time. This cost consists
of both direct and indirect effects of cumulative extraction such as searching costs for new resources
and technical innovation expenditures to harvest deeper deposits. G(Z) denotes the extraction cost
and it is increasing and strictly convex in Z (Gz(Z) > 0 and Gzz(Z) > 0). We consider the following

specification:

amz%ﬁ,%>o

The extraction of non-renewable resource damages the environment, which in turn affects welfare.
The welfare loss occurs due to direct and indirect effects of resource extraction such as accumulation
of greenhouse gases in the atmosphere and reduction in production possibilities. These damages also
depend on the cumulative extraction (Z) and denoted as D(Z) which is increasing and strictly convex
in Z (Dz(Z) >0 and Dzz(Z) > 0). The damage function is given by:

¢
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2.1 Social Planner Problem and General Resolution

The social planner solves the following problem:
00
oomas e - Dz
Ky = F(Ky, H(Eg, Eet)+b;) — G(Z4)Eq — meEet — poby — Ci (1)
Z; = Eg (2)
Ci,Eq, Eer, by > 0 and Ky, Z; > 0Vt

with K¢ > 0 and Zy > 0 are given.

The capital stock and cumulative extraction (K, Z) pair defines the state variables. The current

value Hamiltonian function associated to this problem is:
H = U<C) - D(Z) + )‘(F(K7H(Ed7Ec) + b) - G<Z>Ed — TeFe — ppb — C) — pEq

where A denotes the co-state variable associated to capital and is interpreted as the shadow value of
capital. Similarly, p denotes the co-state variable associated to cumulative extraction and is interpreted
as the shadow value of non-renewable resource.

The necessary conditions for an optimum are:

Uc(C) = A (3)
Eq>0,  AF(K,H(Eq E) +b)Hg,(Eq, Ec) — G(Z)) —p <0 (4)

E. >0, Fy(K,H(E4,E.) +b)Hg, (Eq,E.) — 1. <0 (5)
b>0,  Fy(K H(Eg E:)+b) <p (6)
(7)

(8)

9)

A= (p— F\(K,H(E;,E.) + b)) A 7
u:plu—)\Gz(Z)Ed—Dz(Z) 8
lim e X\ =0 9
t——+o0
i -t —
til«lgloo e Pur =0 (10)

together with the equations (1) and (2). In order to proceed on resolution, we define the price of

non-renewable resource as follows:

74 1= G(Z) + /A (11)

which consists of the extraction cost and the rent of resource in units of capital value. By taking the

time derivative and using (7) and (8), we obtain the law of motion of 74 given by:

a = F1(K, H(Eq, Ec) +b) (ta = G(Z)) = Dz(2)/Uc(C) (12)



Equation (12) is the modified Hotelling rule. It shows that the price of non-renewable resource in-
creases faster in the case of high resource rent (low extraction cost). The change in price is also
determined by the marginal damage to the environment. Note that in the absence of extraction cost
and environmental damages this expression reduces to the standard Hotelling rule.

Using (11) we can rewrite condition (4) as:
Ed Z 07 FQ(K7 H(Ed7 EC) + b)HEd(Ed, EC) — Td g 0 (4/)

Conditions (4’), (5) and (6) are complementary slackness (c.s.) conditions and they show that a type of
resource will be used if its marginal productivity is equal to its price. Accordingly, we can have many
cases. We eliminate some of them since the backstop and the other two types are perfect substitutes,
the economy will use either one of them at a given time. Therefore, we shall investigate the cases where
the economy uses only non-renewable (E; > 0, E. = 0,b = 0), only renewable (E4; =0, E. > 0,b = 0)
or it uses both simultaneously (E; > 0, E. > 0,b = 0).

In fact, in this setup, an economy which uses the non-renewable resource will always use the
renewable as well. Since they are imperfect substitutes, there will always be an optimal allocation for

any given price pair (7., 7g). This is what Proposition 1 states as follows:
Proposition 1. The economy uses non-renewable and renewable resources always simultaneously.

Proof. We claim if E; > 0, i.e. Fy(.)Hp,(.) = mq > G(Z) and F»(.) < pp hence backstop is not used
(b=0), E. > 0 will hold true. We will prove the contrary case (E; > 0, E. = 0,b = 0) is not possible.

E;>0,E.=0,b=0 occurs if and only if F5(.)Hg,(.) = mq and F5(.)Hg,.(.) < 7. But since H(.)
is in CES form and bliglo Hg (.) = +o00, V(7e, 7q) pairs where g < 400 and VE; > 0 given, 3E, > 0

that satisfies ()

to use the renewable resource if its price is . — +00, however, we consider the case 0 < 7. < 4o00. [

= ;r—;. Therefore above condition can never hold. It would have been optimal not

The reason is indeed that these resources are imperfect substitutes and there are cases when a type
of resource, however expensive, is rational to use. This result, albeit an implication of the assumptions
on the production function, is consistent with the historical data on resource use.

Proposition 1 states that the economy initially starts with simultaneous use of the non-renewable
and renewable resources. However, the future outcome depends on the backstop price, the renewable

price and the degree of substitution.

3 The Stages of Optimal Transition

In this section, we present the stages of optimal transition to the clean technologies. We first charac-
terize the initial regime and establish the conditions for the two scenarios. Then we investigate these

scenarios in detail.



Regime 1: Simultaneous Use of Non-renewable and Renewable Resources
(Ey>0, E.>0and b=0)

The economy initially starts in this regime in which it uses the non-renewable and renewable resources

simultaneously. Due to conditions (4'), (5) and (6) the following should hold during this regime:

Fy()Hp,(.) = 74 (13)
Fy()Hg. () = m (14)
Fy(.) <o (15)

The marginal productivity of non-renewable and renewable resources should be equal to their
prices, and the marginal productivity of energy should be lower than the price of backstop.

Conditions (13) and (14) allow us to obtain the optimal amounts of non-renewable and renewable
resources, that is, we get £ (K, 74, 7.) and E} (K, 74, 7.). Using these results together with conditions
(1 —12) we find the differential equation system in (C, K, Z, m4). Optimal trajectories should satisfy
the following:

16
17
18
19

C/C = o(F\(K,H(Ej(.), EX(.)) — p)
K = F(K,H(Ej(.), EX(.)) = G(Z)Ej(K, 7, 7c) — we B} (K, 7a, m) — C
Z:Ez(K,wd,ﬂc)

(
(
(
ma = F1(K, H(EG(.), Ec(.))(ma — G(2)) — Dz(Z)/Uc(C) (

)
)
)
)

The economy will stay in regime 1 until it reaches the terminal conditions. Condition (15), the
marginal productivity of energy, determines these terminal conditions. In fact, when computed at the

optimum (E7(.), E}(.)), the marginal productivity of energy reduces to the following form:
* * — — 1
Fy(K, H(Ey(.), EX(.) = (veme™ +vamy )= (20)
This property allows us to define the energy price index as follows:

Definition 1. Let 7wy be the energy price index given by:

_1
T (e, ma) = (Veme ™€ +7gmy )T

The energy price index increases in the non-renewable price (Omp/0mg > 0), increases in the

renewable price (Omg/0m. > 0) and decreases in the degree of substitution (97 /de < 0). It measures

the marginal productivity of energy for a given menu of resource prices. It also determines the

feasibility of a backstop at a given time. For a given menu of resource prices (7., 74), if the backstop

price is higher than the energy price index (wp (7., mq) < pp) then the backstop is not feasible. In case



of equality, the backstop is feasible and the economy will switch to it.

The energy price index has a limit for a given renewable price. As the non-renewable price increases
€
1—e

it tends to a constant, limy, o T (e, Tq) = 7. This maximum allows us to identify two

scenarios: (i) the backstop will be feasible at a future date as the non-renewable resource price

1—e

increases if p, < w7y, ¢ or (i7) it will never be feasible if p, > m.ye ¢

TH (e, TTy)

A Low Substitution Degree

High Substitution Degree

-

> 7y

Note: The degree of substitution is € = 3 when it we consider it low (the solid curve)
and € = 10 when we consider it high (the dashed curve).

Figure 1: The energy price index with respect to the non-renewable price

Fig. 1 shows the energy price index for a given renewable price and depicts how it changes
with respect to the price of non-renewable resource. We see that its maximum changes according to
the degree of substitution. The economy is more likely to switch to the backstop at a future date
(mgr(me, mg) = pp will hold) in the case of lower degree of substitution. The same applies to higher
renewable price, that is, more expensive renewable will increase the maximum and hence make the
switch to the backstop more likely. However, if the degree of substitution is sufficiently high or the
renewable resource is cheap enough, it might be optimal to gradually substitute the renewable over
time instead of switching to the backstop. Obviously, the cheaper the backstop is, the more likely that
the economy will switch to it in the future.

We also observe that the energy price index approaches its maximum slower in the case of low
degree of substitution. This is a representation of imperfect substitution of resources. The economy
cannot easily respond to changes in the prices when the degree of substitution is low. Therefore, it
will still allocate considerable amount of non-renewable even if its price is relatively high. In contrast,
when the degree of substitution is high, the economy will use high amount of non-renewable when it
is relatively cheaper. As its price exceeds the price of renewable, the economy will quickly substitute
the renewable.

As the non-renewable price increases, there will be two options for the social planner: (i) to stop
using the non-renewable and renewable resources and switch to the backstop or (i7) to gradually reduce

the share of non-renewable resource, and eventually approach to a state where it uses only renewable



resource.
The first scenario will be realized if the backstop price is lower than the maximum of energy price
index (p, < 7y~ °) and the second scenario will be realized in the contrary case (py > meye ). Let

us now discuss these scenarios in detail.

Regime 2: Only Backstop Use
(Eq=0, E.=0and b>0)

In this regime the economy uses only backstop. The determinants of the time of switch are the re-
source prices, the extraction cost and the degree of substitution between non-renewable and renewable
resources. The economy which initially started in regime 1 will switch to regime 2 at time 7T if the

following conditions hold:

Py < T E (21)

Tar = G(Zr) (22)

T (Te,Tar) = b (23)
CYHKr,Zr) = C*(K7) (24)

Condition (21) is to ensure that at a future date the energy price index will be equal to the price of
backstop, which was discussed in the previous subsection. Condition (22) is derived from the definition
of non-renewable resource price (11). It means that the shadow value of non-renewable resource has
to be zero, thus the resource should have no rent at the time of switch. Condition (23) is analogue
to condition (6) and it means that the price of backstop has to be equal to the energy price index at
the time of switch. In condition (24), C'(.) and C?(.) denote the optimal consumption as a function
of the state variables in regime 1 and 2 respectively. This condition is to ensure that the state (K, Z)
and co-state (A, u) variables of the optimal control problem cannot jump, thus the economy will have
a continuous path of consumption and capital over time.
Due to these conditions, there is a limit for the extraction of non-renewable resource. Using
conditions (22,23) we obtain the following expression for the extraction ceiling:
Z Vd )1/2(6—1) (25)

= (1= —
o oy — yeme )

The extraction ceiling increases in the backstop price (0Z/0py, > 0), decreases in the renewable price
(0Z /0w, < 0) and increases in the degree of substitution (9Z/de > 0).

Accordingly, a decrease in the backstop price makes the economy switch earlier. As a result, the
economy extracts less non-renewable resource. Similarly, the economy uses more renewable resource

if the degree of substitution is lower. The total amount of non-renewable resource use will be lower at



the time of switch. These results contradict the Green Paradox.

In the case of high degree of substitution, the economy benefits from cheap non-renewable resource
and uses it in higher proportion. The total amount of non-renewable resource extraction will increase,
which implies a Green Paradox. This result is consistent with the findings of Long (2013).

As the economy switches to the backstop, the production function will be F(K,H(E4 = 0,E. =
0) +b) = F(K,b) = K°b. It is clear that in this case the objective of the social planner reduces
to a simple Ramsey optimal growth problem. Using condition (6) we obtain the optimal amount of
backstop use, b*(K). Conditions (3,6 and 7) allow us to obtain the differential equation system in
(K, C). Optimal trajectories should satisfy the following;:

C/C = o(Fi(K,b"(K)) - p) (26)
K = F(K,b*(K)) — ppb*(K) — C (27)
Z=0 (28)
Tg=0 (29)

This system has a stationary point (K*°, C**) which can be obtained by solving the following equations:

Py (K™, 07 (K™)) = p (30)
Css = F(KSS, b*(KSS)) _ pbb*(Kss) (31)

The system given in equations (26 — 27) has a unique trajectory which leads to the steady state (K*%,
C**). This unique trajectory allows us to find the optimal consumption rule in regime 2, C?(K), which

we referred in condition (24).

Proposition 2. If condition (21) holds, there exists a unique optimal path { Ky, Zy, Cy, Tar } |1 starting
from any initial state Ko > 0,Zy > 0 that satisfies conditions (22-24). The optimal path of non-
renewable and renewable resource use is {E%(Ky, Tat, 7e), B (K, war, me) } [io. The economy switches
to the backstop at time T. After the switch, there exists a unique optimal path {K, Ci} |22, starting
from any switching state Kp > 0 and converging to the steady state (K*°,C*%). Consequently, the
optimal path of backstop use is {b*(K¢)} |22

Regime 2': Asymptotic Convergence to Only Renewable Use
(Ey— 0, E.>0and b =0)

In this regime, the economy gradually reduces the share of non-renewable resource and allocates
more renewable resource over time. The backstop is not feasible because its price is too high and
the renewable resource is already a good substitute. As the extraction cost increases, the economy

substitutes the renewable resource instead of switching to the backstop. Eventually it converges

10



to a regime in which it uses only renewable. The economy which initially started in regime 1 will

asymptotically converge to regime 2’ if the following conditions hold:

€

Py > Tyl © (32)
dim 7 — G(Z;) =0 (33)

. _ =
t_lggloo TH (e, Ta) = TeYe (34)
lim CY(Ky, Zy) — C¥ (Ky) =0 (35)

t——+oo

Condition (32) ensures that the backstop price is so high that it will never be feasible. Conditions
(33 — 35) are the limit analogues of conditions (22 — 24) in regime 2, which were discussed in the
previous subsection.

In order to find the properties of the regime that the economy converges, we apply a method
which is similar to the previous subsection. We assume that the economy stops using non-renewable

~

resource and uses only renewable. The production function will be F(K, H(E; =0,E.)) = F(K, E.) =

Be_
K®EP~5". Using condition (5), we obtain the optimal amount of renewable resource use, E}(K).
Finally, conditions (3,5 and 7) allow us to obtain the differential equation system in (K, C). Optimal

trajectories of the asymptotic regime 2’ should satisfy the following;:

C/C = o(F\(K, H(0, E}(K))) - p) (36)
K =F(K,H(0,E}(K))) — 1.E(K) - C (37)
Z=0 (38)
Tg=0 (39)

As the extraction of non-renewable resource approaches zero, the dynamics of endogenous variables in
equations (16 —19) will approach the above differential equation system. This system has a stationary

point (K s CSS,) which can be obtained by solving the following equations:

Fi(K*, H(0, BX(K*))) = p (40)
Css’ _ F(KSS/,H(O, E:(Kss’))) N WCE:(KSS/) (41)

The system given in equations (36 — 37) has a unique trajectory which leads to the steady state (K 58’
CSS/). This unique trajectory allows us to find the optimal consumption rule in regime 2/, Czl(K ),

which we referred in condition (35).

Proposition 3. If condition (32) holds, the economy will gradually reduce the share of non-renewable
resource and eventually converge to a regime where it uses only renewable. There exists a unique

optimal path { K, Zy, Cy, mai } |52 starting from any initial state Ko > 0, Zo > 0 that satisfies conditions

11



(83-35). This path converges to the steady state (KSS/, C’S‘S/). The optimal path of non-renewable and
renewable resource use is {E5(Ky, mar, me), Ef (Ky, Ta, me) } |229.  Consequently, the optimal path of

renewable use converges to {E}(K:)}[72,-

In summary, we characterized the optimal trajectories of the initial regime and the two scenarios.
We established the conditions of whether the economy will switch to the backstop or it will substitute
the renewable resource over time. The degree of substitution, the renewable price and the backstop
price determine the outcome scenario. For a given backstop price, if the degree of substitution is
sufficiently high and the renewable resource is cheap enough, it is optimal to substitute the renewable
over time. Otherwise, the economy switches to the backstop at a certain date

In both scenarios, the economy converges to a steady state where it uses only backstop or renewable
resource. This result shows that sustainability can be achieved even if the backstop is too costly, and

a green, zero-carbon economy is optimal final state in any scenario.

4 Numerical Analysis

In this section, we present some simulation results to illustrate the optimal transition paths in both
scenarios which we discussed in the previous section. The aim is to provide a numerical example of
the optimal transition paths when the assumption of perfect substitution is relaxed.

We use a calibration which is similar to Ploeg and Withagen (2011) and Acemoglu et al. (2012).
The elasticity of capital in production is set to a = 0.2, the elasticity of energy in production to
B = 0.1. Since we conduct long run analysis, it is convenient to set equal weights to non-renewable
and renewable resources in production, i.e. 74 = 7. = 0.5. We set the discount rate to p = 0.02 and
the elasticity of intertemporal substitution to ¢ = 0.5, hence the relative risk aversion coefficient to be
% = 2. The renewable resource price is m. = 3 and the backstop price is p, = 6. We set the parameter
of marginal cost of extraction ¢, = 0.1 and the parameter of marginal damages to the environment
¢q = 0.0002. Finally, the degree of substitution is € = 3 when we consider it low, and € = 10 when we
consider it high.

In the following subsections, we first illustrate the scenario in which the economy switches to the

backstop. Then, we illustrate the scenario of gradual transition to the renewable resource.

4.1 Transition with Switch to the Backstop

This subsection provides a numerical illustration of Proposition 2. We first analyze the phase diagram
in the state variables (K, Z) in fig. 2.

Fig. 2 shows that the economy starting from any initial state accumulates capital and extracts
the non-renewable resource until it reaches to the extraction ceiling. At the ceiling, it switches to the

backstop and converges to the steady state.
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Figure 2: The phase diagram for (K, Z): Switch to the backstop

We see that, for a given initial capital stock, if the initial cumulative extraction is higher (higher
extraction cost) the slope of optimal path is lower. The economy accumulates same amount of capital
by using less non-renewable resource, which means that it uses more renewable over time. Similarly,
for a given initial cumulative extraction, if the initial capital stock is lower the economy allocates more
renewable in production.

We also observe that the economy over-accumulates capital if the initial capital stock is close to
the steady state and the initial cumulative extraction is low. After the switch, it reduces the capital
stock and converges to the steady state. The economy benefits from being already developed and
having a cheap resource and it transforms the resource into capital for higher future consumption.

Let us now analyze the optimal paths of the key endogenous variables for a given initial state.

We first focus on the properties of the optimal paths in fig. 3. In the initial regime, the economy
accumulates capital by using non-renewable and renewable resources simultaneously, and it gradually
increases the share of renewable resource over time (fig. 3(a,d)). The price of non-renewable resource
is increasing as a result of higher extraction cost, which increases the energy price index until it reaches
to the price of backstop. When the energy price index equals to the price of backstop, the economy
stops using the two types of resources and switches to regime 2 (fig. 3(b,e,f)). Note that the non-
renewable resource has no rent and its price is equal to the extraction cost at the time of switch. After
the switch, the economy uses only backstop and converges to the steady state of regime 2 (fig. 3(c,d)).

Fig. 3 allows us to discuss the role of imperfect substitution on these paths as well. In the case of
low degree of substitution the extraction ceiling is lower, hence the economy extracts less non-renewable
resource in total. It accumulates same amount of capital by using less non-renewable resource, which
means that the share of renewable resource is higher over time (fig. 3(a,d)).

The price of non-renewable resource is also lower and increases slower when the degree of substitu-

tion is low. In addition, the extraction cost has the same profile as a result of less non-renewable use,

13
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Figure 3: Optimal transition with switch to the backstop and the role of imperfect substitution

however, the rent of non-renewable resource is first lower then higher. This means that a decrease in
the degree of substitution increases the future value of non-renewable resource. We also observe that
the optimal price to stop using the non-renewable resource is lower (fig. 3(b,f)). Moreover, the energy
price index is initially higher in the case of low degree of substitution, but it increases slower and
equals to the price of backstop much later. Therefore the economy postpones the switch (fig. 3(d,e)).
After the switch, it converges to the same steady state since the degree of substitution does not play
any role in regime 2 (fig. 3(c)).

In summary, the economy extracts less non-renewable resource in the case of lower degree of
substitution. The share of renewable resource is higher over time, however, the economy switches to

the backstop later than the case of higher degree of substitution.
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4.2 Gradual Transition to the Renewable Resource

This subsection provides a numerical illustration of Proposition 3. We analyze the optimal paths and
discuss the differences in the two scenarios by using the phase diagram in the state variables (K, Z)
in fig. 4.

» K

Note: (a) Switch to the backstop (the solid line) vs. gradual transition (the dashed line). (b) The
phase diagram for (K, Z)

Figure 4: Gradual transition to the renewable resource

Does the optimal paths differ whether the economy has a feasible backstop in the future? Fig.
(4,a) addresses this question by illustrating the comparison of the two scenarios. We see that the
slope of the optimal path is lower when the backstop is not feasible in the future. This means that
the economy uses less non-renewable resource. Since the economy does not switch to the backstop,
it continues to extract the non-renewable resource and converges to a steady state where the capital
stock is lower than the scenario of switch. The welfare is lower as a result of lower level of consumption
and higher damages to the environment. Therefore, the economy is worse-off in the gradual transition
scenario compared to the scenario in which it switches to the backstop.

Fig. (4,b) shows the phase diagram in the state variables (K,Z). The economy extracts more
non-renewable resource if the initial capital stock is higher and the initial cumulative extraction is
lower (lower extraction cost). We see that the economy always over-accumulates capital and reduces
it while converging to the steady state. It benefits from the non-renewable resource when it is cheap
and transforms it into capital for higher future consumption.

The optimal paths in this scenario have similar properties to the switch scenario which we discussed
in the previous subsection. Fig. 5 illustrates these paths for a given initial state. Considering that the
backstop is not feasible, the economy always uses the two types of resources simultaneously. We see
that the economy gradually reduces the share of non-renewable resource, and the share of renewable
exceeds the share of non-renewable when the two resource prices are equal. Eventually the economy
converges to the steady state of regime 2’ in which it uses only renewable (fig. 5(c,d)). The use of

non-renewable resource approaches zero as the difference between its price and extraction cost, thus
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Figure 5: Gradual transition to the renewable resource and the role of imperfect substitution

its rent, vanishes. In addition, the continuous increase in the price of non-renewable increases the
energy price index and it approaches its limit (fig. 5(b,d,e,f)).

Finally, let us discuss the role of imperfect substitution in this scenario. Fig. 5 depicts the
comparison of low and high degree of substitution. In the case of low degree of substitution, the
economy converges to a steady state where the capital stock is lower, which means the consumption
is lower as well. The total amount of non-renewable resource extraction is higher and therefore the
damages to the environment is higher. As a result of lower consumption and higher environmental
damages, the welfare is lower when the degree of substitution is low (fig. 5(a,c)).

The effect on the resource allocation differs according to the time period. When the degree of
substitution is low, the economy uses more renewable in the short and medium run, but less in the
long run. This is a consequence of imperfect substitution. Since the economy cannot easily substitute

the renewable resource, it has to use the non-renewable even though its relative price is too high. In
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the contrary case, high degree of substitution allows the economy to benefit from the price differences
and easily substitute the renewable as it becomes the cheaper resource (fig. 5(d)).

We observe similar differences for the price of non-renewable resource, the extraction cost and the
energy price index. In the case of low degree of substitution, the price of non-renewable resource
and the extraction cost are lower in the short and medium run. But as the economy continues to
extract the non-renewable resource, they increase more rapidly and thus they are higher in the long
run. Moreover, the energy price index is higher in the short run and lower in the medium run. Since
the limit of energy price index is higher, it approaches a higher value in the long run. We also see that
lower degree of substitution leads to higher rent of non-renewable resource in the future (fig. 5(b,e,f)).

In summary, the economy extracts the non-renewable resource slower when the backstop is not
feasible in the future. Since it does not switch to the backstop, it continues the extraction and converges
to the steady state in which it uses only renewable. The welfare in this steady state is lower compared
to the one where the economy uses only backstop.

The role of imperfect substitution depends on the time period. In the short run, the economy
extracts less non-renewable resource when the degree of substitution is lower. In the long run, however,
it substitutes less renewable resource due to lower substitution possibility, thus it uses more non-

renewable resource. The welfare in the final state is lower in the case of lower degree of substitution.

5 Conclusion

This paper shows the implications of imperfect substitution between non-renewable and renewable
resources on the optimal transition path to clean technologies.

The results show that the economy uses non-renewable and renewable resources always simulta-
neously. If the backstop is cheap enough and the renewable resource is not a good substitute for
the non-renewable, the economy switches to the backstop at a certain date. Otherwise, it gradually
reduces the share of non-renewable and converges to a state in which it uses only renewable resource.
This means that a green, zero-carbon economy is optimal final state in any scenario.

We show that in the first scenario where the backstop is feasible, there is an extraction ceiling at
the time of switch which is independent of the initial state. It is determined by the backstop price, the
renewable price and the degree of substitution. A policy which reduces the backstop price decreases
the extraction ceiling. Similarly, a policy which restricts the use of non-renewable resource, hence
decrease the degree of substitution, has the same effect. These results contradict the Green Paradox.
If the degree of substitution increases, however, the economy extracts more non-renewable resource
when it is cheaper than the renewable. In this case, the extraction ceiling will increase and this implies
a Green Paradox.

In the second scenario where the backstop price is too high, the economy substitutes the renewable

resource for the non-renewable over time. The role of imperfect substitution depends on the time
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period. A policy which increases the degree of substitution decreases the renewable use in the short
run, but increases in the long run. Accordingly, the welfare in the final state increases if the degree of
substitution is higher.

Further research includes the extension of the model by considering multiple non-renewable and
renewable resources and incorporating the carbon emission and accumulation dynamics. This would
allow us to estimate the model parameters and conduct more realistic simulations. The energy price
index is also an interesting analytical result which can be used as an empirical tool to assess energy

productivity and feasibility of a backstop.

References

Acemoglu, D., P. Aghion, L. Bursztyn, and D. Hemous (2012). The environment and directed technical
change. American Economic Review 102(1), 131-66.

Chakravorty, U., B. Magné, and M. Moreaux (2006). A Hotelling model with a ceiling on the stock
of pollution. Journal of Economic Dynamics and Control 30(12), 2875-2904.

Chakravorty, U., B. Magné, and M. Moreaux (2012). Resource use under climate stabilization: Can

nuclear power provide clean energy? Journal of Public Economic Theory 14(2), 349-389.

Dasgupta, P. and G. Heal (1974). The optimal depletion of exhaustible resources. The Review of
Economic Studies 41, 3-28.

d’Autume, A. (2012). The user cost of natural resources and the optimal exploitation of two non-

renewable polluting resources. Documents de travail du centre d’economie de la sorbonne no: 12037.

Heal, G. (1976). The relationship between price and extraction cost for a resource with a backstop
technology. The Bell Journal of Economics 7(2), pp. 371-378.

Hoel, M. (1978). Resource extraction, substitute production, and monopoly. Journal of Economic
Theory 37, 28-37.

Hoel, M. and S. Kverndokk (1996). Depletion of fossil fuels and the impacts of global warming.
Resource and Energy Economics 18(2), 115 — 136.

Hotelling, H. (1931). The economics of exhaustible resources. The Journal of Political Economy 39(2),
137-175.

Hung, N. and N. Quyen (1993). On R&D timing under uncertainty: The case of exhaustible resource
substitution. Journal of Economic Dynamics and Control 17(56), 971 — 991.

18



Lafforgue, G., B. Magné, and M. Moreaux (2008). Energy substitutions, climate change and carbon
sinks. Ecological Economics 67(4), 589 — 597.

Long, V. N. (2013). The green paradox under imperfect substitutability between clean and dirty fuels.
In K. Pittel, F. van der Ploeg, and C. Withagen (Eds.), The Green Paradoz: Theory and Empirics.
Cambridge, MA: MIT Press.

Michielsen, T. (2011). Brown backstops versus the green paradox. CentER Discussion Paper Series
No. 2011-110.

Ploeg, R. v. d. and C. Withagen (2011). Growth and the optimal carbon tax: When to switch from

exhaustible resources to renewables? CEPR Discussion Papers 8215, C.E.P.R. Discussion Papers.

Ploeg, R. v. d. and C. Withagen (2012). Is there really a green paradox? Journal of Environmental
Economics and Management 64(3), 342 — 363.

Powell, S. G. and S. S. Oren (1989). The transition to nondepletable energy: social planning and
market models of capacity expansion. Operations research 37(3), 373-383.

Quentin Grafton, R., T. Kompas, and N. Van Long (2012). Substitution between biofuels and fossil
fuels: Is there a green paradox? Journal of Environmental Economics and Management 64 (3),
328-341.

Smulders, S. and C. Withagen (2012). Green growth — lessons from growth theory. Policy Research
Working Paper Series 6230, The World Bank.

Tahvonen, O. (1997). Fossil fuels, stock externalities, and backstop technology. The Canadian Journal
of Economics / Revue canadienne d’Economique 30(4a), pp. 855-874.

Tahvonen, O. and S. Salo (2001). Economic growth and transitions between renewable and nonrenew-

able energy resources. Furopean Economic Review 45(8), 1379-1398.

Tsur, Y. and A. Zemel (2003). Optimal transition to backstop substitutes for nonrenewable resources.
Journal of Economic Dynamics and Control 27(4), 551 — 572.

19



2013/34
2013/35
2013/36
2013/37
2013/38
2013/39
2013/40
2013/41
2013/42
2013/43

2013/44

2013/45

2013/46

2013/47

2013/48

2013/49

2013/50

2013/51

2013/52

2013/53
2013/54

2013/55

2013/56

2013/57

2013/58
2013/59

Recent titles

CORE Discussion Papers

Ana MAULEON and Vincent VANNETELBOSCH. Relative concerns and delays in
bargaining with private information.

Kristof BOSMANS, Koen DECANCQ and Erwin OOGHE. What do normative indices of
multidimensional inequality really measure?

Alain PHOLO BALA, Dominique PEETERS and Isabelle THOMAS. Spatial issues on a
hedonic estimation of rents in Brussels.

Lionel ARTIGE, Antoine DEDRY and Pierre PESTIEAU. Social security and economic
integration.

Nicolas BOUCKAERT and Erik SCHOKKAERT. Differing types of medical prevention appeal
to different individuals.

Pierre M. PICARD. Trade, economic geography and the choice of product quality.

Tanja B. MLINAR and Philippe CHEVALIER. Pooling in manufacturing: do opposites attract?
Chiara CANTA and Marie-Louise LEROUX. Public and private hospitals, congestion, and
redistribution.

Mathieu LEFEBVRE, Pierre PESTIEAU and Gregory PONTHIERE. FGT poverty measures
and the mortality paradox: Theory and evidence.

Nada BELHADJ, Jean J. GABSZEWICZ and Ornella TAROLA. Social awareness and duopoly
competition.

Volker BRITZ, P. Jean-Jacques HERINGS and Arkadi PREDTETCHINSKI. On the
convergence to the Nash bargaining solution for action-dependent bargaining protocols.
Pasquale AVELLA, Maurizio BOCCIA and Laurence WOLSEY. Single item reformulations
for a vendor managed inventory routing problem: computational experience with benchmark
instances.

Alejandro LAMAS, Tanja MLINAR, Liang LU and Philippe CHEVALIER. Revenue
management for operations with urgent orders.

Helmuth CREMER, Firouz GAHVARI and Pierre PESTIEAU. Uncertain altruism and the
provision of long term care.

Claire DUJARDIN, Vincent LORANT and Isabelle THOMAS. Self-assessed health of elderly
people in Brussels: does the built environment matter?

Marc FLEURBAEY, Marie-Louise LEROUX, Pierre PESTIEAU and Grégory PONTHIERE.
Fair retirement under risky lifetime.

Manuel FORSTER, Ana MAULEON and Vincent VANNETELBOSCH. Trust and
manipulation in social networks.

Anthony PAPAVASILIOU, Yi HE and Alva SVOBODA. Self-commitment of combined cycle
units under electricity price uncertainty.

Ana MAULEON, Elena MOLIS, Vincent VANNETELBOSCH and Wouter VERGOTE.
Dominance invariant one-to-one matching problems.

Jean GABSZEWICZ and Skerdilajda ZANAJ. (Un)stable vertical collusive agreements.
Frangois MANIQUET and Massimo MORELLI. Approval quorums dominate participation
quorums.

Mélanie LEFEVRE and Joe THARAKAN. Intermediaries, transport costs and interlinked
transactions.

Gautier M. KRINGS, Jean-Frangois CARPANTIER and Jean-Charles DELVENNE. Trade
integration and the trade imbalances in the European Union: a network perspective.

Philip USHCHEYV, Igor SLOEV and Jacques-Frangois THISSE. Do we go shopping downtown
or in the 'burbs'? Why not both?

Mathieu PARENTI. Large and small firms in a global market: David vs. Goliath.

Paul BELLEFLAMME and Francis BLOCH. Dynamic protection of innovations through
patents and trade secrets.



Recent titles

CORE Discussion Papers - continued

2013/60 Christian HAEDO and Michel MOUCHART. Specialized agglomerations with areal data:
model and detection.

2013/61 Julien MARTIN and Florian MAYNERIS. High-end variety exporters defying distance: micro
facts and macroeconomic implications.

2013/62 Luca G. DEIDDA and Dimitri PAOLINI. Wage premia, education race, and supply of educated
workers.

2013/63 Laurence A. WOLSEY and Hande YAMAN. Continuous knapsack sets with divisible
capacities.

2013/64 Francesco DI COMITE, Jacques-Frangois THISSE and Hylke VANDENBUSSCHE. Verti-
zontal differentiation in export markets.

2013/65 Carl GAIGNE, Stéphane RIOU and Jacques-Frangois THISSE. How to make the metropolitan
area work? Neither big government, nor laissez-faire.

2013/66 Yu. NESTEROV and Vladimir SHIKHMAN. Algorithmic models of market equilibrium.

2013/67 Cristina PARDO-GARCIA and Jose J. SEMPERE-MONERRIS. Equilibrium mergers in a
composite good industry with efficiencies.

2013/68 Federica RUSSO, Michel MOUCHART and Guillaume WUNSCH. Confounding and control in
a multivariate system. An issue in causal attribution.

2013/69 Marco DI SUMMA. The convex hull of the all-different system with the inclusion property: a
simple proof.

2013/70 Philippe DE DONDER and Pierre PESTIEAU. Lobbying, family concerns and the lack of
political support for estate taxation.

2013/71 Alexander OSHARIN, Jacques-Frangois THISSE, Philip USHCHEV and Valery VERBUS.
Monopolistic competition and income dispersion.

2013/72 N. Baris VARDAR. Imperfect resource substitution and optimal transition to clean
technologies.

Books

V. GINSBURGH and S. WEBER (2011), How many languages make sense? The economics of linguistic
diversity. Princeton University Press.

I. THOMAS, D. VANNESTE and X. QUERRIAU (2011), Atlas de Belgique — Tome 4 Habitat. Academia
Press.

W. GAERTNER and E. SCHOKKAERT (2012), Empirical social choice. Cambridge University Press.

L. BAUWENS, Ch. HAFNER and S. LAURENT (2012), Handbook of volatility models and their
applications. Wiley.

J-C. PRAGER and J. THISSE (2012), Economic geography and the unequal development of regions.
Routledge.

M. FLEURBAEY and F. MANIQUET (2012), Equality of opportunity.: the economics of responsibility.
World Scientific.

J. HINDRIKS (2012), Gestion publique. De Boeck.

M. FUJITA and J.F. THISSE (2013), Economics of agglomeration: cities, industrial location, and
globalization. (2™ edition). Cambridge University Press.

J. HINDRIKS and G.D. MYLES (2013). Intermediate public economics. (2™ edition). MIT Press.

J. HINDRIKS, G.D. MYLES and N. HASHIMZADE (2013). Solutions manual to accompany intermediate
public economics. (2™ edition). MIT Press.

CORE Lecture Series

R. AMIR (2002), Supermodularity and complementarity in economics.
R. WEISMANTEL (2006), Lectures on mixed nonlinear programming.



A. SHAPIRO (2010), Stochastic programming: modeling and theory.



	Introduction
	The Model
	Social Planner Problem and General Resolution

	The Stages of Optimal Transition
	Numerical Analysis
	Transition with Switch to the Backstop
	Gradual Transition to the Renewable Resource

	Conclusion



