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Abstract

Carbon pricing is the most favorable type of environmental policies
aiming to both restrict fossil fuel consumption and to promote backstop
technologies. Yet, substitutes for fossil fuel consumption, particularly
solar and wind generators and biofuels, have important differences that
enforce policymakers to be selective on which clean energy to promote
mainly. The possibility of having crowding out effect on some energy
substitutes following adoption of carbon pricing is discussed. Comparing
different carbon pricing policy levels, a looser policy can lead to adoption
of both capital intensive solar and land intensive biofuel in the long run
while the tighter policy leads only to adoption of capital intensive solar
energy and stops using biofuels. The sustained welfare, defined as the
instantaneous utility in the long run, may increase if a relatively tighter
policy is adopted.
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1 Introduction

Environmental and energy security concerns have encouraged governments to
promote the use of renewable energy sources instead of fossil fuel. Among differ-
ent available options, governments might prefer to promote only some renewable
sources. GHG emissions following the use of biofuels (Sedjo (2011)) or intermit-
tent production of solar and wind1 sources (Gowrisankaran et al. (2011)) are
among the reasons why governments are already selective in choosing renewable
options. Whatever the preferred backstop technology is, governments can di-
rectly promote the selected energy source through subsidies or mandates. Yet,
carbon pricing policies (imposition of cap or tax on fossil fuel consumption) are
preferred to direct promotion (Fischer and Newell (2008)) but little attention
has been paid to the effect of carbon pricing on different backstop technologies.

This paper studies the long run consequences of adopting carbon pricing
policies on capital intensive solar generators versus biofuels. The question is
whether the long run consumption of both solar and biofuel are always higher
if the carbon pricing policy is tighter. Or, may a tighter policy, comparing to a
looser one, crowd out one backstop technology in favor of the other.

My model, based on Tsur and Zemel (2011), highlights the capital intensity
of one backstop technology, solar, against the biofuel which needs land for its
production, in a general equilibrium set up. In the long run, the economy will
stop growing when the consumer is indifferent between current consumption and
postponing it to the future. This condition pins down the long run capital price.
Carbon pricing policies increase the energy price in the long run. This decreases
the long run production and consumption. With a stringent enough policy, the
capital intensive renewable option is competitive in the long run. Therefore,
the long run energy price is pinned down by the long run capital price. These
long run prices does not change if an even tighter policy is adopted since the
capital price remains unaffected. Constant prices for the two production factors
implies constant production per labor in the long run. But, the tighter policy
may still change the long run consumption.

My analysis shows that the long run consumption under a tighter policy
might be higher than the consumption following a looser one. Tighter policies
imply more fossil fuel to be replaced by energy-equivalent amount of solar gen-
erators. This means the extraction cost of fossil fuel is replaced by depreciation
cost of energy-equivalent amount of solar capital. This depreciation cost might
be less than fossil fuel extraction cost. Overall, the full depreciation cost2 in the
long run might be lower and consumption could be higher, if a tighter policy has
been adopted. The relative price of biofuel will go up in a tighter policy case,
if the long run consumption increases. It implies no biofuel consumption for
too stringent policies. Biofuel will only be adopted if the stringency of carbon
pricing is not too much. In other words, there could be an inverse U-shaped
relationship between biofuel consumption in the long run and the stringency of
carbon pricing policy.

Note that the analysis here is positive, meaning that I address the con-
sequences of different stringency levels of carbon pricing policies on adoption
of biofuel and solar generators in the long run. Therefore, the results of my
study suggest that if policymaker is going to promote specific renewable energy

1From now on, solar represents wind generators as well.
2Defined to be the total forgone cost of extracting fossil fuel and depreciation of capital.
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sources, adopting carbon pricing policies at the same time may strengthen or
weaken the effect of other promoting policies like subsidies and/or mandates.
Another normative study would be needed in order to address the optimal level
of stringency in the presence of multiple backstop technologies.

Although the adoption of multiple energy sources following environmental
policies have got little attention, the differences in environmental value of dif-
ferent backstop technologies have been already addressed in the literature. The
environmental value of a renewable energy source is the amount of emission
which is avoided by its consumption. Therefore, the environmental value de-
pends on the type of generation displaced by the renewable source (Fell and Linn
(2013)) as well as the characteristics of the renewable source, like intermittency
(Kevin (2011), Gowrisankaran et al. (2011)).

The difference in environmental value of renewable energy sources raises the
question of the effect of different types of policies on backstop technologies. In
general, this task could have been done either as a positive analysis, that studies
the promotion of different renewable technologies following various policies, or
in a normative way to find out the best type of policies and its optimal amount
of stringency. In most of the normative studies, the cost-effectiveness of policies
have been addressed. Computing the environmental value of emission cuts from
subsidies to wind power systems (Kaffine et al. (2013), Kevin (2011) and Cullen
(2013)), or solar systems (Gowrisankaran et al. (2011)) to find out the opti-
mal level of costly policies are normative studies that focus on single backstop
technology and policy measure. Palmer et al. (2011) compare different policy
measures- like cap-and-trade, tax credits and RPS3- to find the most effective
policy in emission reduction in a partial equilibrium set up. Fischer and Newell
(2008), also, rank different policy types based on their relative performance in
emission reduction using a stylized model.

Beside these empirical and normative studies, Requate (2005) surveys the
theoretical literature on incentives for innovation and adoption of clean technolo-
gies, arising from environmental policies. Moreover to non-surprising conclusion
that market based instruments work better than command and control policies,
it points out that the whole theoretical literature have taken into account the
adoption or R&D in only one clean technology. Although the discussion on the
most appropriate backstop technology has yet to be addressed (Nicholson et al.
(2011)), the effect of environmental policies on adoption of multiple backstop
technologies is another missing part of the literature.

The effect of environmental policies in the presence of multiple backstop
technologies in the literature has been addressed either by assuming particular
substitution patterns (Babiker et al. (2001) and Paltsev et al. (2005)) or using
short-run predictions of availability of different sources (ex. NEMS (2009)).
Castillo and Linn (2011) have also studied the effect of CO2 pricing on invest-
ment incentives for solar, wind and nuclear sources through a stylized model
based on the operational differences, during different hours of the day and night,
among the three backstops. In their analysis they also assume constant pattern
for energy demand which is not affected by the CO2 pricing.

In total, the positive and normative analysis of the effect of environmen-
tal policies on backstop technologies have three important deficits; they either
assume only one homogeneous backstop technology, or they only capture a par-

3Renewable Portfolio Standard
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ticular substitution pattern and availability of renewable resources, or they lack
a general equilibrium framework. The current study uses a general equilibrium
approach to give a positive analysis of the effect of carbon pricing on multiple
backstops while it assumes no predefined substitution pattern between energy
sources.

The rest of the paper is organized as follows. In the next section, I present my
two sector growth model comprising the solar energy generation resembling the
third sector of economy. The long run energy phase of the economy is discussed
later on in the third section. The fourth section addresses the environmental
policies. The main results of the paper for the effect of carbon pricing, taxa-
tion and cap, on backstop technologies are derived in this section. Section five
discusses the results and the welfare effect of the policies.

2 The Model

I use Tsur and Zemel (2011) model with some extensions. Since I am investi-
gating the effect of environmental policies on biofuel and solar energy sources I
add agricultural sector that produces food and/or biofuel- as the second back-
stop technology- to the model. The representative consumer, then, optimizes
its consumption of food and manufacturing products over the entire life:

U0 =

∫ ∞
t=0

[ln(Ct) + θln(Dt)]e
−ρtdt. (1)

The consumption of food at every moment is represented by Dt and Ct is
the household consumption of manufacturing products. The relative taste for
food is determined by θ. Therefore, the share of income spent on food is θ

1+θ .
The production of manufactured goods needs energy, capital and labor. The
production function is Cobb-Douglas with CRS property:

Yt = Am,tK
α
m,tL

β
m,tE

1−α−β
t (2)

with elasticity of energy to be less than elasticity of capital, 1−α−β < α. The
energy has three primary sources; fossil fuel4, solar energy and biofuel are three
perfectly substitute primary sources of energy.

Et = Ot + St +Bt (3)

Like Tsur and Zemel (2011), oil is assumed to have infinite stock which
can be extracted with a constant marginal cost, ζ. Solar sector needs upfront
investments and storage technologies, like batteries, that alleviate intermittency
problems. Moreover, they are usually installed in remote areas and have to be
connected to the regional or national electricity grids. Furthermore, these energy
sources need little maintenance while producing energy. Hence, solar sector is
modeled as a capital intensive sector. It is denoted as St in the above equation.
The generation of solar energy is modeled in a similar way to Tsur and Zemel
(2011);

St = As,tKs,t (4)

4Fossil fuel and oil will be used interchangeably.
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At every moment, there could be two types of capital in the economy; man-
ufacturing capital, Km,t, and solar capital, Ks,t. For simplicity, I assume that
each of these two capitals can be costlessly transformed into the other type,
Kt = Km,t + Ks,t. This assumption could only be restrictive if a stringent
unanticipated shock, an environmental policy in this model, is imposed such
that solar becomes immediately competitive for energy generation. Since I am
not concerned with the short run dynamics of energy transition, I abstract
from capital accumulation in each sector and assume that capital can be real-
located between solar and manufacturing immediately. Acemoglu et al. (2012)
and Smulders and Zemel (2011) discuss implications of transitional dynamics
of capital relocation between two sectors. The accumulation of capital in the
economy, therefore, is governed by the following equation:

K̇t = Yt − Ct − ζOt − δKt (5)

where δ is the depreciation rate of capital and ζOt + δKt is the effective depre-
ciation of the resources. The agricultural sector is assumed to produce output
from labor and land. The total labor is perfectly mobile between manufacturing
and agricultural sectors. The land is exclusively used in agriculture and this is
characterized through a Cobb-Douglas production function of labor with DRS
property.

Ft = Aa,tL
ε
a,t (6)

The total labor is assumed to be constant and is divided between manufac-
turing and agriculture sector:

L = Lm,t + La,t (7)

Biofuel consumption is represented by Bt. The agricultural product can
either be used as food or as biofuel. This is Hassler and Sinn (2012) set up of
biofuel sector in the economy;

Ft = Bt +Dt. (8)

In order to find the optimal decision of the consumer, I use the current value
Hamiltonian:

H = ln(Ct)+θln(Aa,tL
ε
a,t−Bt)+qt[Am,t(Kt−Ks,t)

α(L−La,t)β(Ot+Bt+As,tKs,t)
1−α−β

− Ct − ζOt − δKt] + λOt Ot + λBt Bt + λSt Ks,t + λLt La,t (9)

The control variables are Ct, L2,t, Bt, Ks,t, Ot, and the state variable is the total
capital stock, Kt. The first order conditions of the Hamiltonian with respect to
control variables imply:

PFtMPLa,t + λLt Ct = MPLm,t, (10)

MPEt + λBt Ct = PFt , (11)

As,tMPEt + λSt Ct = MPKt, (12)

MPEt + λOt Ct = ζ, (13)
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where λit.i = 0 and λit ≥ 0 for i ∈ {L,B, S,O} and PFt = θ CtDt is the imputed
food price relative to manufacturing price. The manufacturing price is normal-
ized to unity. At each point in time, the energy price is equal to its marginal
product, MPEt and the marginal product of manufacturing capital is repre-
sented by MPKt. The total capital of the economy is the only state variable
here. The FOC with respect to capital, HKt = ρqt− q̇t, leads to Euler condition
for consumption, that is similar to Ramsey model:

Ĉt = MPKt − (δ + ρ) (14)

where Ĉt is the growth rate of manufacturing consumption. This implies the
simple condition for the long run steady state of the economy in which the
consumption (and therefore, capital) does not grow once the marginal product
of capital has declined to δ+ρ. At this point, the consumer is indifferent between
one unit of current consumption and future consumption of what remains from
depreciation of one unit of savings. The transversality condition is:

lim
t→∞

Kt

Ct
e−ρt = 0 (15)

Using the first order conditions for the optimal decision of the consumer, there
could be 7 different regimes in terms of contributing energy sources; Fossil-Only
(FO), Bio-Only (BO), Solar-Only (SO), Solar-Fossil (SF), Bio-Fossil(BF), Bio-
Solar (BS) and Bio-Solar-Fossil (BSF) regimes. Discussion of characteristics of
these regimes paves the road for finding the determinants of the long run energy
providers under different environmental policies and economic conditions. Here,
I leave the technical depiction of the seven phases to appendix A and continue
with the long run of the economy.

3 The long run

Discussion of the long run energy phase of the economy needs addressing which
energy phases are absorbing. Note that I assume the economy starts with suf-
ficiently low manufacturing capital such that the initial energy phase is either
FO or BF regimes. Assuming BO regime in the beginning either implies the
economy to never use the fossil energy- which is not the case by assumption-
or leads to adopting fossil fuel later on, represented as BF or FO regimes. The
second case does not change the whole analysis except for extending the time
horizon of the analysis to include the pre-oil era. The following lemmas shed
light on energy components in the long run. The first lemma discusses the BO
regime.

Lemma 1. The BO regime will be absorbing only if no energy transition hap-
pens.

Proof. In appendix B.

The lemma 1 states if the economy starts using oil or solar at some point in
time, it won’t shift to BO regime later on. The reason is that food price will be
rising while the oil price is constant and the solar price declines as the economy
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accumulates capital. The next lemma specifies absorbing and non-absorbing
regimes in a solar-based economy5.

Lemma 2. Assuming a ‘solar-based’ economy, defined as ζ > δ+ρ
As

, the fossil
including regimes are not absorbing. The absorbing phase would be SO regime
iff CSO > δ+ρ

θAs
FSO, where CSO is defined in (A.13) and FSO could be derived

from (A.11). The BS regime will be absorbing otherwise.

Proof. In appendix B.

The above lemma rules out FO, SF, BF and BSF regimes from dominating
the economy in the long run. Moreover, if the minimum food price (when
no biofuel is used) increases above the long run solar price, δ+ρ

As
, no biofuel

will be consumed in the long run and the SO regime is the absorbing phase.
Otherwise, the biofuel is cheap enough to contribute in energy supply in the
long run, materializing BS regime. The fossil-based economy has a different
story.

Lemma 3. In a fossil-based economy, defined as ζ < δ+ρ
As

, the solar including
regimes are not reached. The absorbing phase of a fossil-based economy is FO
regime if CFO > ζ

θFFO, where CFO is defined in (A.7) and FFO could be derived
from (A.6). BF regime will be absorbing otherwise.

Proof. In appendix B.

If the oil extraction is always cheaper than solar generation, the economy
will never go through SO, BS, SF and BSF regimes. Therefore, long run energy
phase of the economy must exclude solar generation.

The absorbing energy phase of economy is its long run energy phase. If the
absorbing phase comprises fossil fuel consumption, environmental and security
concerns might urge adaptation of policies to restrict or end the consumption of
polluting energy sources. In the next section, I analyze the crowding out effect
of these policies on backstop technologies while the economy is fossil-based.6

4 Environmental policy and the Backstop Tech-
nologies

If the oil extraction cost is always below the solar cost of energy generation,
the economy will never invest in solar technology. Hence, the government might
adapt a policy to restrict the consumption of fossil fuel. I investigate the case
in which the government either levies a tax on oil or imposes a cap on its
consumption. Then, I evaluate the effect of different levels for policies on long
run energy basket to see if there is an unbalance effect on promotion of the two
backstop technologies, biofuel and solar.

5The terms ‘solar-based’ and ‘fossil-based’ economy are taken from Tsur and Zemel (2011).
6Although the environmental policies might be used in a solar-based economy as well, the

analysis of their effect is not different. The reason for such an intervention could be lowering
pollution in the short run.
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4.1 Taxing Fossil Fuel

Taxing fossil fuel, while the stock of fossil fuel is not finite, decreases its use.
Since the extraction cost of oil is less than solar price, the tax can fill in the
gap between these two and lead to adaption of solar in the long run. In order
for solar generation to become competitive, its long run price must be less than
the cost of oil which is the extraction cost plus the tax rate, η. Therefore the
minimum tax required to make solar competitive in the long run is:

η̂ =
δ + ρ

As
− ζ. (16)

If the tax-free fossil-based economy won’t consume biofuel in the long run,
the tax might make the biofuel competitive as well. The minimum tax rate
needed to make biofuel competitive in the long run must fill in the gap between
the extraction cost of oil and food price. Using (A.5), (A.7), (A.12) and (A.13)
the tax rate η̄ is:

η̄ = [θ
CSO
FFO

Lm,FO
Lm,SO

(α+ β)(δ + ρ)− αδ
δ + ρ− (1− β)δ

]
β

1−α [
δ + ρ

As
]
1−α−β
1−α − ζ (17)

where FFO = Aa(L − Lm,FO)ε is the long run agricultural production in FO
regime, derived using (A.6). The following proposition explains the long run
consequences of fossil fuel taxation.

Proposition 1. For not-too-expensive food in SO regime, meaning

CSO < [
δ + ρ− (1− β)δ

(α+ β)(δ + ρ)− αδ
]
δ + ρ

θAs
FFO

Lm,SO
Lm,FO

,

the necessary tax rate to make biofuel competitive in the long run is lower than
the tax rate needed for competitive solar. Tax rates above solar threshold, η > η̂,
stops biofuel consumption iff

δ + ρ

θAs
FSO < CSO < [

δ + ρ− (1− β)δ

(α+ β)(δ + ρ)− αδ
]
δ + ρ

θAs
FFO

Lm,SO
Lm,FO

,

i.e. medium price range food in SO regime. The biofuel will never get competi-
tive iff

[
δ + ρ− (1− β)δ

(α+ β)(δ + ρ)− αδ
]
δ + ρ

θAs
FFO

Lm,SO
Lm,FO

< CSO,

where FSO = Aa(L− Lm,SO)ε is computed from (A.11).

Proof. In appendix B.

The threshold level for tax that makes biofuel competitive is less than

the threshold for competitive solar if and only if CSO
Lm,FO
Lm,SO

(α+β)(δ+ρ)−αδ
δ+ρ−(1−β)δ <

δ+ρ
θAs

FFO. Otherwise, the increasing tax level will first make the solar compet-
itive and then the contribution of biofuel in the long run will be independent
from the tax level. The reason is if the tax rate is above η̂, the economy will
resemble a solar-based economy in which the fossil fuel extraction cost is more
than the long run cost of solar energy. Following lemma 2, the consumption of
biofuel does not depend on the tax rate anymore. In other words, once the solar
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takes over- due to sufficient fossil fuel tax- the energy market, the level of tax
above the solar threshold won’t affect biofuel consumption. Figure 1 depicts
the effect of low and high tax rate on fossil fuel curve. If the tax does not pass
the solar threshold, η1 in the figure, the economy will stay as fossil-based econ-
omy. There will be higher chance for biofuel to join energy market but solar
energy won’t be used. On the other hand, if the tax rate is sufficient to make
solar investment beneficial, η2, The economy will become a solar-based one and
eventually leaves the fossil era. In this case, the long run energy price depends
on the marginal product of capital. Therefore, the contribution of biofuel is not
affected by higher tax rates and only depends on the conditions in lemma 2.

km

e

MPE = ζ

MPE = ζ + η1

MPE = ζ + η2

MPK = δ + ρ

MPK = AsMPE

Figure 1: Low and high tax on fossil fuel. The axes are in per manufacturing labor terms

which means km ≡ Km
Lm

and e ≡ E
Lm

.

Table 1 represents the long run energy phase for laissez faire scenario of
fossil-based economy and the fossil-based economy.

Table 1: Long run regime of the laissez faire solar-based economy and taxed fossil-based

economy

Long Run CSO Solar-based, no-tax
Fossil-based, tax = η

η < η̂ η > η̂

CSO > [ δ+ρ−(1−β)δ
(α+β)(δ+ρ)−αδ ] δ+ρθAs

FFO
Lm,SO
Lm,FO

SO FO SO

δ+ρ
θAs

FSO < CSO < [ δ+ρ−(1−β)δ
(α+β)(δ+ρ)−αδ ] δ+ρθAs

FFO
Lm,SO
Lm,FO

SO
FO if η < η̄

SO
BF if η > η̄

CSO < δ+ρ
θAs

FSO BS
FO if η < η̄

BS
BF if η > η̄

A stringent tax, η > η̂, comparing to lower tax levels sufficiently close to η̂,
raises the relative food price because it leaves more manufacturing output to be
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consumed in the long run. The reason is that in the long run, comparing the tax
rates just above and below η̂- represented by η̂+ and η̂−- what representative
consumer has to pay for the energy if η = η̂− is the extraction cost of oil plus the
tax rate, therefore [ζ + η̂−] per unit of oil, which is almost equal to δ+ρ

As
; if the

tax rate is η = η̂+, the oil will be replaced by solar in the long run and therefore
the consumer has to pay the depreciation cost of solar capital in the long run-
δ
As

, not its opportunity cost, δ+ρAs . Thus from the capital accumulation equation
(5), what is left for manufacturing consumption is higher and therefore, the food
is more expensive.

Drawing the long run manufacturing consumption as a function of the tax
rate clarifies this. It is depicted in figure 2. As the tax rate increases, the cost
of energy increases. Hence, the production and consumption in the long run is
lower with a higher tax rate. When the tax rate makes solar competitive, the
long run consumption is above previous case due to lower cost of maintaining a
certain solar capital level comparing to energy-equivalent ongoing oil consump-
tion. If the higher consumption leads to too expensive food the biofuel will no
longer contribute in the long run energy consumption (depicted in the figure as
η > η̂).

η

CLR

η̂

ζ+η
θ FFO

δ+ρ
θAs

FSO

η̄

Figure 2: Long run manufacturing consumption vs. the tax rate. The gray lines and

the gray area under the curve is specifically related to the case in which δ+ρ
θAs

FSO < CSO <

[
δ+ρ−(1−β)δ

(α+β)(δ+ρ)−αδ ] δ+ρ
θAs

FFO
Lm,SO
Lm,FO

in which biofuel is adopted only in the middle range of policy

stringency.

It is now clear that taxing fossil fuel does not always have a similar effect
on both types of backstop technologies. Although a higher tax rate makes solar
competitive, it might discourage the use of biofuel in the long run.

It is important to notice that although the biofuel is not used in the long
run of economy in some conditions, in the short run it might be used.
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4.2 Cap on Fossil Fuel Consumption

The second carbon pricing policy type is imposition of a cap on fossil fuel con-
sumption. As depicted in figure 3, the maximum cap required to make the solar
competitive in the long run is named x̂. It’s level can be computed by setting

the long run energy consumption equal to As
(1−α−β)

1−β KSO and assuming no so-

lar energy is consumed. It turns out that x̂ = As
(1−α−β)

1−β KSO if and only if no

biofuel is consumed, which means CSO > [ δ+ρ−(1−β)δ
(α+β)(δ+ρ)−αδ ] δ+ρθAs

F xFO
Lm,SO
Lm,FO

. The

level of x̂ will be lower (more stringent) if the biofuel is consumed:

x̂ =
δ + ρ

δ + ρ+ ζθAs
{KSO[

As
1− β

][1−α−β+θ−θ δα

δ + ρ
]−F xBF } < As

(1− α− β)

1− β
KSO

(18)
If the cap is less restrictive, like x̄1 in the figure, the solar won’t be used

in the long run. It only increases the chance for the biofuel to contribute as a
source of energy later on. In the long run, whatever the cap is, some fossil fuel
will be consumed probably together with the other sources. If only solar and
fossil fuel will supply energy in the long run, given x < x̂, the manufacturing
consumption will be:

CxSF = CSO + x(
δ

As
− ζ) (19)

where the superscript x means the SF regime is reached following imposition of
cap. The capital will be:

Kx
SF = KSO −

x

As
. (20)

Otherwise, if biofuel is also used, the manufacturing consumption will be:

CxBSF =
δ + ρ

δ + ρ+ δθ
[CxSF +

δ

As
F xSF ]. (21)

Proposition 2. In the long run, given a stringent cap, x < x̂, the biofuel will
be used together with solar and fossil fuel iff CxSF < δ+ρ

θAs
F xSF . Otherwise, only

solar and fossil fuel will be used.

Proof. In appendix B.

The above proposition states that in order to find out the long run supplier
of energy following imposition of a cap on fossil fuel consumption, we only need
to discuss the manufacturing consumption (or the food price) under the solar-
fossil regime. From equation (19) it turns out that the discussion on CSF can be
transformed into conditions for CSO, x and fossil fuel price, ζ. The discussion
is summarized in the next proposition.

x̂ has been defined previously to be the threshold cap for competitive solar
energy in the long run. Once the solar threshold cap has been passed, another
threshold cap for having/not having biofuel in the long run, x̄, might be reached.
Following equation (19) and the long run price of solar energy

x̄ ≡
CSO − δ+ρ

θAs
F xSF

ζ − δ
As

(22)

11



km

e

MPE = ζ

x̄1

x̄2

x̂

MPK = δ + ρ

MPK = AsMPE

Figure 3: Low and high cap on fossil fuel

it might be the case that x̄ > x̂. Hence, when the cap gets stricter than x̂
nothing happens to biofuel consumption anymore. In other words, if the biofuel
is already adopted under x = x̂, it would be consumed under more stringent
caps.

Proposition 3. If the food price of SO regime is too high, meaning

CSO > [
δ + ρ− (1− β)δ

(α+ β)(δ + ρ)− αδ
]
δ + ρ

θAs
F xFO

Lm,SO
Lm,FO

,

no cap level will lead to joint consumption of biofuel and solar in the long run.
If the food price of SO regime is mediocre,

δ + ρ

θAs
F xSF < CSO < [

δ + ρ− (1− β)δ

(α+ β)(δ + ρ)− αδ
]
δ + ρ

θAs
F xFO

Lm,SO
Lm,FO

,

for too-cheap oil, ζ < δ
As

, biofuel won’t be used together with solar and fossil

fuel and if the oil is not too-cheap, δ
As

< ζ < δ+ρ
As

, the biofuel will be adopted
only in the middle range of the cap, x̄ < x < x̂.

If the food price of SO regime is low, CSO < δ+ρ
θAs

F xSF , for too-cheap oil,
biofuel will be used iff the cap is too restrictive, x < x̄. For not too-cheap oil,
biofuel will always be used together with solar.

Proof. In appendix B.

The proposition states that in some condition a more restrictive cap de-
creases the chance of biofuel to contribute in energy basket in the long run. The
reason is similar to what I discussed in the taxing section. A more restrictive cap
forces the economy to replace oil with equivalent solar energy. If the oil is not
too cheap then the depreciation cost of solar capital is less than oil extraction
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cost. Therefore, more resources are released for manufacturing consumption.
This increases the relative food price and makes the biofuel too expensive to
compete with solar.

Table 2: Long run regime of the fossil-based economy following imposition of cap on fossil

fuel consumption

Long Run CSO
ζ < δ

As
ζ > δ

As

x > x̂ x < x̂ x > x̂ x < x̂

CSO > [ δ+ρ−(1−β)δ
(α+β)(δ+ρ)−αδ ] δ+ρ

θAs
F xFO

Lm,SO
Lm,FO

FOx SF x FOx SF x

δ+ρ
θAs

F xSF < CSO < [ δ+ρ−(1−β)δ
(α+β)(δ+ρ)−αδ ] δ+ρ

θAs
F xFO

Lm,SO
Lm,FO

FOx SF x FOx/BF x
BSF x if x̄ < x < x̂

SF x if x < x̄

[ 1

1+
δ+ρ−(1−β)δ

( δ
As

−ζ)As(1−α−β)

] δ+ρ
θAs

F xSF < CSO < δ+ρ
θAs

F xSF FOx
SF x if x̄ < x < x̂

FOx/BF x BSF x
BSF x if x < x̄

CSO < [ 1

1+
δ+ρ−(1−β)δ

( δ
As

−ζ)As(1−α−β)

] δ+ρ
θAs

F xSF FOx if x > x̄
BSF x FOx/BF x BSF x

BF x if x̂ < x < x̄

Figure 4 depicts the evolution of manufacturing consumption in the long
run following a cap on oil consumption when the oil is not too cheap, meaning
δ
As

< ζ < δ+ρ
As . As the cap is put in place, it distorts the decision from the

optimal oil consumption. Therefore, it decreases the consumption because the
marginal product of oil becomes more than its marginal cost. A cap smaller
than or equal to x̂ makes the solar competitive in the long run. Therefore, the
long run production of manufacturing good will remain fixed in the long run
if the cap gets more restrictive than x̂. The more restrictive cap forces the
economy to replace more oil with solar capital. Since the oil is not cheaper than
the depreciation cost of maintaining solar capital in the long run, the capital
accumulation equation (5) states that more manufacturing output will be left
for consumption. Hence, the food price goes up and biofuel may become too
expensive comparing to solar energy.

x̂

δ+ρ
θAs

FSO
1−α−β

θ FFO(A( α
δ+ρ )α)

1
1−αx

β
α−1

x

CLR

Figure 4: Long run manufacturing consumption vs. the cap when the oil is not too cheap,

ζ > δ
As

. The gray lines and the gray area under the curve is related to the case with

δ+ρ
θAs

FxSF < CSO < [
δ+ρ−(1−β)δ

(α+β)(δ+ρ)−αδ ] δ+ρ
θAs

FxFO
Lm,SO
Lm,FO

in which biofuel is adopted only in the

middle range of policy stringency.

The effect of cap on manufacturing consumption is monotonic if ζ < δ
As

, as
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depicted in figure 5. The biofuel is consumed in the long run of the economy if
and only if the cap is tighter than the threshold. In this figure, the threshold
that leads to adoption of biofuel is tighter than the necessary threshold for
having solar. Therefore, a looser policy leads to solar investment while tighter
policies are always in favor of biofuel adoption.

x

CLR

x̂0

δ+ρ
θAs

F

Figure 5: Long run manufacturing consumption vs. the cap when the oil is too cheap,

ζ < δ
As

. The gray lines and the gray area under the curve is related to the case with

[ 1

1+
δ+ρ−(1−β)δ

( δ
As

−ζ)As(1−α−β)

] δ+ρ
θAs

FxSF < CSO < δ+ρ
θAs

FxFO in which biofuel is adopted only following

a very stringent policy.

5 Discussion

Carbon pricing policies are adopted to suppress the use of fossil fuel and promote
the alternative backstop technologies. The former channel works in the absence
of green paradox. Restrictive policies on fossil fuel consumption like taxes, in
the absence of large scarcity rents for the fossil fuels, raise their prices and
suppress their use. Comparing different levels of stringency of carbon pricing
policies, this study shows that a more stringent cap or tax might decrease biofuel
consumption. In case of imposition of a cap, if the cap leads to adoption of solar
and biofuel in the longer run, a tighter cap means lower fossil fuel consumption.
This means, at each level of energy consumption, a bigger part of energy will be
supplied by renewable sources if the cap gets relatively tighter. When the cap
leads to adoption of capital intensive energy source, solar here, the long run price
of energy is linked to the capital price in the long run. Therefore, the energy and
capital price, following imposition of any cap that leads to adoption of solar, is
constant. Hence, regarding cap levels that lead to solar investment, the same
energy and manufacturing capital and therefore production is materialized in
the long run. The things that change with different cap levels are fossil fuel
consumption, solar capital and manufacturing consumption only.

The extraction cost of oil and the depreciation of capital are forgone costs
of the economy. Therefore, if the cost of extracting oil is more than the depre-

14



ciation of energy-equivalent amount of solar capital, tighter cap leads to lower
full depreciation and therefore, higher long run consumption of manufacturing
goods. This is the mechanism that makes the biofuel more expensive and sup-
presses its consumption. Hence, if the cost of extracting oil is just below the
solar price, less biofuel will be adopted in the long run if the environmental
policy is too stringent. A similar mechanism works for the taxation. A tax rate
that leads to adoption of solar energy, might cease the consumption of biofuels.

The important point behind these results is the difference between the op-
portunity cost of capital and its depreciation cost. While the former, comparing
to the price of other energy sources, shapes the decision on whether to invest in
solar capital or not, the latter determines what is the forgone cost from depre-
ciation of solar capital that must be deducted from the total production. The
latter does not include the coefficient of time preferences. While the imputed
solar price in the long run comes from the former, only the latter is important
for manufacturing consumption in the long run. Higher carbon price (higher tax
rate or more stringent cap) forces the economy to replace higher amount of oil
with the backstop technologies. Having a capital intensive backstop, The long
run manufacturing consumption will be determined by the depreciation rate of
capital and the extraction cost of fossil fuel.

Replacing oil with backstop has welfare consequences as well. More strin-
gent policies imply lower welfare for the consumer, defined as the integral of
the stream of instantaneous utilities over time. This is not surprising. The
interesting part is the long run welfare or ‘the sustained welfare’, defined as the
instantaneous utility that lasts forever. From the right-hand side of figures 2
and 4, tighter policies can lead to higher manufacturing consumption. At the
same time, food consumption may reach its local maximum under a stringent
policy (no biofuel consumption). Hence, the instantaneous utility in the long
run might be well above its value under a mild policy. This means the sustained
welfare is higher and this comes to the cost of overall utility of the representative
agent. Redefining ρ to be the altruism coefficient and assuming a non-OLG set
up in which at each point in time a new generation is living, one can conclude
that tighter policy decreases the utility of the current generation but is welfare
improving for the future generations. The early generations invest more and
consume less and therefore are worse off due to carbon pricing. In result of the
policy, adoption of backstop technologies wastes less resources in the extraction
procedure of oil. Therefore, future generations will be better off.

The simple model of this paper, with a minor change in its set up, has
some interesting implications. In the model, I have assumed that the capital
can be relocated between manufacturing production and the solar sector with
no cost. It means that if the economy is big, imposing a tax or cap on fossil
fuel consumption may immediately lead to energy production in solar sector.
This simplifying assumption does not hurt if we only discuss the long run of
the economy with carbon pricing policies. The transition of the economy under
the above policies could be different if the solar sector needs to build up some
infrastructure before starting the production of energy, similar to Tsur and
Zemel (2011) and Smulders and Zemel (2011).

Let’s look at the cap policy in a case that solar capital is differentiated from
manufacturing capital. There is an already being produced potential source
of energy in the economy, biofuel or agricultural output. Imposition of a too
restrictive cap leads to excess demand for energy at that moment. The fossil fuel

15



consumption is restricted and the solar sector is not yet ready to supply energy
because solar investment takes time. Thus the economy can only consume
fossil fuel and biofuel for a while. It will restrict the production and overall
investment of the economy. Hence, the economy will focus on solar investment
only to build up it’s necessary capital stock that covers the excess demand of
energy. The investment in solar immediately starts and if the food price is not
too high, the excess demand will be covered by a decrease in food consumption
and higher supply of biofuel. During the transition, the manufacturing capital
will accumulate slowly, if at all. This procedure slows down the growth of the
economy and, therefore, is costly. This is discussed in Smulders and Zemel
(2011).

The delayed intervention can also be costly because it prolongs the catching
up phase for solar. The bigger the economy, the longer the transition phase
with lower growth rate in capital. This mechanism, explained in Acemoglu et al.
(2012) can also be shown in our set up through the above mentioned change in
solar investment. A late intervention causes a level shift in the production of
the economy compared to an on-time imposition of the policy.
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A Energy Phases

FO regime: No biofuel and solar will be used. Therefore, Bt = Ks,t = 0,
Et = Ot and the capital will only consist of manufacturing capital, Kt = Km,t.
Following (13), the energy price will be the extraction cost of oil; MPEt = ζ.
Hence the characteristic equation for FO regime is7:

Et = (
1− α− β

ζ
Am)

1
α+βK

α
α+β

t L
β

α+β

m,t (A.1)

Since the energy price is constant during FO regime, the energy consumption
is increasing with capital and manufacturing labor. The long run equilibrium
in this energy phase will be reached when the consumption and capital growth
rates fall to zero. Plugging (A.1) into (14) and setting the consumption growth
rate equal to zero leads to8:

Km

Lm
= [Am(

α

δ + ρ
)α+β(

1− α− β
ζ

)1−α−β ]
1
β (A.2)

In order to find the amount of manufacturing labor in the steady state, we
use FOC for labor from equation (10) together with the fact that no biofuel is
consumed during FO regime, Ft = Dt, and get:

La,t
Lm,t

= θ
ε

β

Ct
Yt

(A.3)

Knowing that MPEt = (1 − α − β) YtEt and MPKt = α Yt
Km,t

, the steady

state of the capital accumulation equation, (5), implies a constant fraction of
manufacturing output is consumed:

C = (α+ β − δ

δ + ρ
α)Y (A.4)

If the initial ratio of manufacturing consumption to its production is more
than the steady state level, depicted in (A.4), there should be a transient phase
through which agricultural labor will decrease and manufacturing labor will
increase. This transition coincides with a decrease in the ratio of manufacturing
consumption and output. Replacing (A.4) into (A.3) gives an expression for
Lm in the steady state. Then, we can rewrite (A.2) to find the steady state
expression for long run capital stock of the economy in FO regime, named KFO:

KFO = [Am(
α

δ + ρ
)α+β(

1− α− β
ζ

)1−α−β ]
1
βLm,FO (A.5)

The last fraction on the right-hand side of (A.5) is the steady state level of
manufacturing labors which is:

Lm,FO =
L

1 + θε(1 + α
β

ρ
δ+ρ )

(A.6)

7I assume the TFP of the manufacturing, agriculture and solar production to be constant
over time and subtract from t subscripts.

8In equations representing the steady state of the economy, I subtract from the subscript t.
The reason is that in the steady state, since we assume no technological growth, the variables
converge to constant amounts.
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It falls if the relative importance of food in the utility of the individual
increases or if the capital elasticity of manufacturing output relative to its labor
elasticity increases. Equation (A.5) implies that the steady state level of capital
and manufacturing labor, and therefore energy consumption, are proportional.

Using (A.4) and steady state condition from (14), the manufacturing con-
sumption in steady state can be derived:

CFO = KFO{(α+ β)
δ + ρ

α
− δ} (A.7)

SO regime: No oil and biofuel is used, Bt = Ot = 0, and the energy is
solely supplied by solar generators, Et = AsKs,t. There are two types of capital
in the economy; manufacturing and solar capital, Kt = Km,t +Ks,t. Following
from the FOC for solar, equation (12), the solar price must be equal to energy
price, MPKt = AsMPEt or Et = AsKs,t. This implies the stock of the two
types of capital to be proportional:

Ks

Km
=

1− α− β
α

(A.8)

The capital accumulation equation, (14), in the steady state implies

Y = C + δK = C + δ
1− β
α

Km (A.9)

Together with the condition for the marginal product of capital in steady
state, it gives:

C = (1− δ

δ + ρ
(1− β))Y (A.10)

Since no biofuel is consumed in SO regime, using (A.3) it turns out that in
the long run

Lm,SO =
L

1 + θ εβ (1− δ
δ+ρ (1− β))

(A.11)

Replacing (A.11) and E = AsKs,t into long run condition for consumption,
MPK = δ+ ρ, one can derive the steady state level for total capital, named as
KSO, using (A.8):

KSO = (1− β)[AmA
1−α−β
s

αα(1− α− β)1−α−β

δ + ρ
]
1
βLm,SO (A.12)

and the manufacturing consumption in steady state from (A.10), (A.12) and
(A.8) is

CSO = KSO
δ + ρ− δ(1− β)

1− β
(A.13)
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BO regime: The only energy source is the biofuel and no oil or solar is
consumed, Et = Bt. Hence, the manufacturing capital is the only type of
capital. The FOC for labor, (10) leads to

La,t
Lm,t

= θ
ε

β

Ft
Dt

Ct
Yt

(A.14)

The FOC for biofuel consumption, (11), implies

Dt

Bt
=

θ

1− α− β
Ct
Yt

(A.15)

The above two equations give the manufacturing labor as a function of Ct
Yt

:

Lm,t =
L

1 + θ εβ (CtYt + 1−α−β
θ )

(A.16)

The steady state of capital accumulation, equation (5), together with the
steady state of manufacturing consumption, (14), gives the steady state ratio of
Ct
Yt

to be:

C

Y
= 1− α δ

δ + ρ
(A.17)

Therefore, the steady state manufacturing labor in BO regime is:

Lm =
L

1 + θ εβ (1− α δ
δ+ρ + 1−α−β

θ )
(A.18)

Using MPK = δ + ρ and having the steady state manufacturing labor, the
capital can be derived as a function of biofuel consumption:

K = (
αAm
δ + ρ

)
1

1−αL
β

1−α
m B

1−α−β
1−α (A.19)

Using (A.15) and replacing for the steady state level of C
Y from (A.17),

together with labor allocation from (A.16), the steady state biofuel (energy)
consumption can be derived as:

B = AaL
ε

1−α−β
θ

1− α δ
δ+ρ + 1−α−β

θ

[
θ εβ (1− α δ

δ+ρ + 1−α−β
θ )

1 + θ εβ (1− α δ
δ+ρ + 1−α−β

θ )
]ε (A.20)

The aggregate K and C follows from (A.17), (A.19) and (A.20).

SF regime: No biofuel is consumed and the energy is supplied through oil
extraction and solar production. Hence, the capital will consist of both types.
The extraction cost of oil pins down the energy price and the solar price. Thus,
the marginal product of capital, following from (12), is constant throughout this
phase and is

MPKt = Asζ (A.21)
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therefore, the manufacturing consumption, according to (14), increases over
time. Equation (12) also implies a constant ratio of energy and manufacturing
capital over time

Et
Km,t

= As
1− α− β

α
. (A.22)

Now, we can derive the energy consumption and manufacturing capital stock
from equations (A.21) and (A.22) as a function of manufacturing labor

Et = (1− α− β)
1−α
β (

α

As
)
α
β (
Am
ζ

)
1
βLm,t, (A.23)

Km,t = (1− α− β)
1−α−β

β (
α

As
)
α+β
β (

Am
ζ

)
1
βLm,t (A.24)

Therefore, the manufacturing production during SF regime is a linear func-
tion of Lm,t:

Yt = ∆Lm,t (A.25)

where ∆ is a function of constant parameters, Am, As, α, and β, that can be
easily derived from above equations.

The FOC for labor, equation (10), implies the ratio of the two labor types
to be

La,t
Lm,t

= θ
ε

β

Ct
Yt
. (A.26)

Using (A.25) and (A.26), it can be seen that the ratio of agricultural labor
and manufacturing consumption stays the same during SF regime. Since the
manufacturing consumption is growing over time, the manufacturing labor de-
clines throughout this regime. The locus for aggregate capital, K̇ = 0 from (5),
given the oil consumption which is Ot = E(Lm,t)−AsKs,t and the solar capital
which is Ks,t = Kt −Km,t, can be written as

Ct = {Y (Lm,t)− ζ[E(Lm,t) +AsKm(Lm,t)]}+ [Asζ − δ]Kt (A.27)

The first term on the right-hand side decreases over time because the manu-
facturing labor is falling. But the left-hand side of above equation is increasing.
Therefore, the aggregate capital is being accumulated and therefore, since the
manufacturing capital is declining, the solar capital rises. This means more and
more solar is consumed over time, which together with falling energy consump-
tion implies falling oil consumption. In other words, the oil, during SF regime,
is gradually being replaced with solar. When the oil consumption falls to zero,
the regime ends and the economy enters the next regime which is SO regime.

BF regime: No solar is produced and therefore, K = Km. The energy and
food price are constant throughout this phase and are equal to oil extraction
cost (equations (13) and (11)). In the long run of this regime, characterized by
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Ĉ = 0 in (14), the ratio of manufacturing capital and energy consumption is
constant:

E

Km
=
δ + ρ

ζ

1− α− β
α

(A.28)

therefore, the condition for the long run marginal productivity of capital implies

Kt = [Am(
α

δ + ρ
)α+β(

1− α− β
ζ

)1−α−β ]
1
βLm,t, (A.29)

Et = [Am(
α

δ + ρ
)α(

1− α− β
ζ

)1−α]
1
βLm,t (A.30)

Similar to SF regime, the manufacturing production in the steady state of
BF regime is proportional to manufacturing labor:

Yt = ΓLm,t (A.31)

Using the FOC for labor, equation (10), and above result for manufacturing
output, it can be seen that the manufacturing labor is constant in the steady
state of BF regime:

Lm = L− (ζ
ε

β

Aa
Γ

)
1

1−ε (A.32)

Since the food price is constant and equal to ζ, the food consumption and
therefore, biofuel consumption are constant in the long run. This implies the
oil consumption to be constant as well, due to constant energy consumption.
Following from the capital locus, K̂ = 0, the manufacturing consumption can
be derived:

CBF =
1

1 + θ
[ΓLm −KBF (

δ(1− β) + ρ(1− α− β)

α
) + ζF ] (A.33)

where KBF , the steady state capital stock in BF regime, can be derived from
(A.29) and (A.32) and is the same as in FO regime.

BS regime: Only biofuel and solar will generate energy. Therefore, the
energy price from solar production is equal to food price (equations (11) and
(12)). Therefore, the steady state energy and food price in this regime, following
(14), is δ+ρ

As
. The constant ration of energy and manufacturing capital, due to

constant energy price and marginal productivity of capital in the long run,
derives the steady state energy and manufacturing capital from (14) to be:

Km,t = [
αAm
δ + ρ

(As
1− α− β

α
)1−α−β ]

1
βLm,t, (A.34)

Et = [
αAm
δ + ρ

(As
1− α− β

α
)1−α]

1
βLm,t (A.35)
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Thus, similar to SF regime, the manufacturing production in the long run is
proportional to manufacturing labor:

Yt = ΩLm,t (A.36)

Now, I have to find the steady state level of manufacturing labor. The FOC
for the labor, equation (10), and the constant food price together with above
equation imply:

Lm = L− [
δ + ρ

As

ε

β

Aa
Ω

]
1

1−ε (A.37)

This implies a constant manufacturing and agriculture labor in the steady
state of BS regime. Hence, the manufacturing and agriculture output is con-
stant in the long run. The constant food price and the steady state constant
manufacturing consumption imply a constant food consumption. Therefore, the
biofuel consumption is also constant in the long run and is

B = F −D = AaL
ε
a −

θAs
δ + ρ

C (A.38)

Solar energy supplies the rest, Ks = E−B
As

. The capital locus, (5), using
above equation, gives the steady state level of manufacturing consumption

CBS =
δ + ρ

δ + ρ+ δθ
{ΩLm − δKm

1− β
α
} (A.39)

and the total capital is K = Km +Ks:

KBS = Km
1− β
α
− Aa
As

Lεa +
θ

δ + ρ
C (A.40)

BSF regime: The three sources of energy generation are used. The energy
and food price is pinned down to extraction cost of oil. The capital is divided in
both manufacturing and solar sectors. Similar to SF regime, the manufacturing
consumption, conditioning on solar-based economy, will always grow in this
phase:

Ĉ = Asζ − (δ + ρ) (A.41)

Similar to SF regime, the marginal product of capital and energy price are
constant, the manufacturing output is proportional to manufacturing labor:

Yt = ∆Lm,t (A.42)

The FOC for labor implies a constant number of workers are employed in
manufacturing sector:

Lm = L− [ζ
ε

β

Aa
∆

]
1

1−ε (A.43)

Assuming an increasing manufacturing consumption, Asζ−(δ+ρ) > 0, food
consumption has to grow with the same rate since the food price is constant
in BSF regime. The constant production of agriculture output in BSF implies
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a decreasing biofuel consumption. Given the increasing capital stock, while
the manufacturing capital is constant in the steady state, the solar capital is
increasing. The BSF regime will end whenever the use of biofuel or oil declines
to zero.
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B Proofs

Proof of Lemma 1:
Proof by contradiction: Assume there has been a transition to BO regime at

time τ and BO is the long run regime of the economy. Therefore, the long run
food/energy price is not more than the food price at time τ ; PF < PFτ , where
PF denotes the long run food price. The increasing manufacturing consumption,
following from (14) implies the manufacturing consumption to be nondecreasing
in BO regime: C ≥ Cτ . Following the definition of food price, we must have
D ≥ Dτ which means the long run food consumption must be more than the
transition time.

The FOC for labor, equation (10), and non-increasing food/energy price
imply that the ratio of the marginal product of labor, MPLm

MPLa
cannot be rising

in BO regime. Writing down the extended expression we get:

MPLm
MPLa

=
βAmK

αLβ−1m B1−α−β

εAaL
ε−1
a

(B.1)

The capital stock is increasing throughout BO regime. If the biofuel con-
sumption is also increasing, then, in order to have falling MPLm

MPLa
, La
Lm

has to be
falling. This means, during BO regime food and biofuel consumption is increas-
ing while total agricultural production is falling. Therefore, having a transition
to BO regime leads to contradiction. The only thing is that I have to show that
biofuel consumption is increasing during BO regime.

The marginal product of energy in BO regime isMPE = (1−α−β)AmK
αLβmB

−α−β .
Since the long run energy price, conditional on having a transition to BO regime,
must be lower than its price in τ and since capital is increasing over time, both
Lm and B must either increase or decrease over time. Let’s assume that B,
and therefore, Lm are decreasing. Writing the marginal product of labor in per
manufacturing labor version of variables one gets:

MPE = (1− α− β)Amk
αb−α−β (B.2)

where the lower case means the relevant variable divided by Lm, for instance,
k ≡ K

Lm
. Falling MPE, Lm and B and increasing K imply increasing b. The

marginal product of manufacturing labor in per labor terms is:

MPLm = βAmk
αb1−α−β (B.3)

Rising k and b leads to rising MPLm. Together with falling manufacturing
Lm, that implies increasing La and therefore, falling MPLa, we get rising food
price from (B.1) which is contradictory with transition to BO regime. Therefore,
the assumption of increasing B was valid.

Proof of Lemma 2:
By construction, the long run solar price is lower than fossil fuel price. There-

fore, replacing fossil fuel with solar capital leads to no fossil fuel in the long run.
Non-fossil regimes, excluding BO, are SO and BS regimes. The long run

regime depends on the use of biofuel in the long run which depends on the food
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price. Using equations (A.13) and (A.39) and the long run solar price, it turns
out that either

CSO < CBS <
δ + ρ

θAs
F (B.4)

holds that implies BS regime in the long run, or

δ + ρ

θAs
F < CBS < CSO (B.5)

holds which means SO regime in the long run. Therefore, discussing the food
price in SO regime clarifies the long run of solar based economy.�

Proof of Lemma 3:
The solar price is MPK

As
. Its minimum price is realized in the long run, being

equal to δ+ρ
As

. Therefore, in a fossil-based economy, the fossil fuel extraction cost
is always lower than solar price.

Two regimes may construct the long run of a fossil-based economy, FO and
BF. similar to the proof of lemma 2, and following equations (A.7), (A.33), we
either have

CFO < CBF <
ζ

θ
F (B.6)

that implies BF regime in the long run, or

ζ

θ
F < CBF < CFO (B.7)

which implies FO regime.�

Proof of Proposition 1:
The first claim follows from equations (16) and (17).
Lemma 2 and the first claim of this proposition lead to second statement.
The third claim is the result of the first statement (β̄ > β̂) therefore no

biofuel adoption if solar is not competitive in the long run, and Lemma 2,
stating no biofuel consumption for too-expensive food in SO regime.�

Proof of Proposition 2:
Following equations (19) and (21) it turns out that we either have

CSF < CBSF <
δ + ρ

θAs
F (B.8)

that implies BSF regime in the long run, with fossil fuel consumption equal to
the cap level, or

δ + ρ

θAs
F < CBSF < CSF (B.9)

in which the long run regime is SF with fossil fuel consumption equal to cap
level. Lemma 2 will lead to the results.�
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Proof of Proposition 3:
The first statement follows from proposition 2 for CSF >

δ+ρ
θAs

F using equa-
tion (19).

Using equations (18) and (22) together with proposition 2 and equation (19)
prove the rest of the proposition.�
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