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Abstract: The Environmental Kuznets Curve (EKC) hypothesis establishes the existence of an
inverted U-shaped relationship between income and environmental deterioration. This paper studies
the relationship between the energy mix and pollutant emissions and uses an environmental dynamic
general equilibrium model to carry out a structural estimation of the EKC hypothesis. The model
considers a three-input production function, including energy. Energy is a composite of fossil fuels
and renewable energy sources. The flow of pollutant emissions depends on fossil fuels’ consumption,
which accumulates in a pollution stock, resulting in a negative externality that adversely impacts
aggregate productivity. Simulations of the model support the existence of a steady-state EKC
relationship between Gross Domestic Product (GDP) and the stock of pollution, where the negative
slope side of the curve is very flat. We find that (i) the EKC hypothesis is only fulfilled when
the elasticity of substitution between fossil fuel and renewable energy is high enough; (ii) the higher
the elasticity of the productivity to the stock of pollution, the lower the optimal stock of pollution
as a function of output; and (iii) emissions efficiency has a positive impact on the environment in
the short-run, but negative in the long-run.

Keywords: Environmental Kuznets Curve; emissions; energy mix; fossil fuel; renewable energy;
environmental dynamic general equilibrium model

1. Introduction

The relationship between economic growth and environmental protection remains central
for sustainable development, where environmental problems generated by economic activity can be
an impediment for future sustainable economic growth. It is widely accepted that a direct relationship
can be established between sustainable economic growth and the protection of the environment,
as the two are key elements of what we call sustainable development. The United Nations report
of the World Commission on Environment and Development [1], entitled “Our Common Future”,
defined sustainable development as “the development that meets the needs of the present without
compromising the ability of future generations to meet their own needs.” Therefore, sustainable
development implies an intertemporal constraint that should not only involve economic growth
and social development today, but it must also involve an environment compatible with economic
growth and social development in the future. However, the relationship between economic growth
and the environment is rather complex. Environmental quality does not only affect social welfare,
but also productivity [2]. In this context, environmental conservation arises as a fundamental factor
to achieve the ultimate goal of sustainable economic growth. From an economic point of view,
environmental quality is an additional state variable of the economy, depending on investment
decisions and environmental protection policies taken in the past. As a result, long-run economic
growth cannot be in conflict with social cohesion and environmental preservation, but is mutually
reinforced [3].
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A key element for studying the relationship between economic growth and the environment is
the so-called Environmental Kuznets Curve (EKC) hypothesis. The EKC hypothesis was initially
developed by Grossman and Krueger [4,5] as an application of the original Kuznets curve [6],
which established an inverted U-shaped relationship between inequality and economic development.
In a similar way, the Environmental Kuznets Curve (EKC) hypothesis establishes the existence of an
inverted U-shaped relationship between pollution and economic development. This hypothesis states
that pollution increases for low income economies and then decreases as income increases, that is
there is a positive relationship between output and environmental deterioration for the initial stages
of economic development, but the relationship turns out to be negative for high levels of economic
development. This implies that the stock of pollutants decreases once a threshold income level is
reached. Two important questions related to the EKC hypothesis need to be answered. The first one is
the validity of the EKC hypothesis itself. The second question is if the EKC exists, on which side of
the curve does each particular country or the entire world lie? For low income countries, we should
expect that they are in the positive slope side of the curve. However, it could be the case that for high
income countries, the maximum could have been reached, and they are located on the negative slope
of the EKC. If the EKC hypothesis is true, then we can assert that economic growth is also sustainable
as it would lead to environment quality improvements. In this context, economic growth would not
be in conflict with environmental protection, but the driving force for environmental sustainability.
A huge empirical literature, initiated by [4,5], has tried to answer these questions, but the results
are mixed, depending on the pollutant, the countries, and the sample period. However, damages to
the environment are not only a local problem, as some, for example, greenhouse gas emissions, have a
global effect on climate change.

This paper contributes to the literature by studying the relationship between production activities
and the environment in an Environment-Dynamic General Equilibrium (E-DGE) theoretical framework
with renewable and non-renewable energy sources. The literature has proposed several mechanisms
to explain the EKC hypothesis, including sectorial reallocation toward less energy-intensive
production, abatement technology, environmental quality policies, and energy efficiency technological
progress [7–11]. However, the EKC is not easily derived, as a decline in the stock of pollution can only
result when the flow of emitted pollution is lower than the natural or artificial decay of the stock of
pollution. Here, we focus on a mechanism based on changes in the energy mix, and on their impact on
carbon emissions. Although energy intensity declines, additional output implies the use of more energy.
Therefore, the relationship between energy consumption and pollutant emissions is fundamental.
Gill et al. [12] analyzed the implications for renewable energy for the EKC hypothesis, since energy
is the most important determinant of the pollution, suggesting that government policies should tax
fossil fuels and subsidize renewables. In a similar vein, we consider two energy sources: fossil fuels
(coal, oil, and gas) and renewable energy (hydroelectric power, geothermal, solar, wind, and biomass).
Carbon emissions per energy unit are very heterogeneous depending on the particular energy mix.
Carbon emissions from coal are large compared to those from oil, and greenhouse gas emissions
from renewable energies are zero. Therefore, an important factor determining the negative impact of
energy consumption and production activities on the environment is the energy mix. In particular,
we focus on the substitutability of “dirty” energy with “clean” energy as the underlying mechanism
supporting an EKC. The model considers a three-input production function: physical capital, labor,
and energy. Energy used in the production function is a composite of fossil fuels and renewable energy.
Fossil fuels represent a “dirty” energy, and CO2 emissions depend on the quantity of fossil fuels used
in the final energy mix. It is assumed that renewable energy is a “clean” energy and no CO2 emissions
are produced from the quantity of energy used that is sourced from renewables. The stock of CO2 is an
externality negatively affecting final output [2,13]. We assume that the level of income of the economy
depends on the level of Total Factor Productivity (TFP). The model is solved for a centralized economy
and simulated for a range of values for TFP, resulting in a series of steady-state values for income
and environmental damage.
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The most important finding of the paper is that simulations of the model support the existence
of a steady-state EKC relationship between GDP and the stock of pollution. This result is obtained
even if no technological advance related to energy efficiency and abatement and environmental quality
policies occurs. Instead, the EKC relationship arises from the optimal response of the economy by
changing the energy mix as the negative externality, when more pollutants are emitted, increases.
The mechanism operates as follows. The accumulation of pollutants reduces the aggregate productivity
of the economy, increasing the shadow price of pollution, hence increasing the total cost of using
“dirty” energy sources. This process changes the relative price of the two types of energy sources,
including emissions costs, and causes the “dirty” energy source to be substituted with “clean” energy
sources, as more energy is needed in the production sector to increase output. When the level of
economic development is low, as measured by GDP, the rise in output is accompanied by a rise in
emissions and accumulated pollutants. This represents the positive slope of the EKC where the cost of
the pollution externality is relatively small compared to the gain from increasing output, and where
welfare maximization implies more energy is used for production, resulting in an increasing stock of
pollutants. By contrast, as output increases, the cost of the pollutant externality, measured in terms
of forgone output, starts to increase, increasing the relative price of the “dirty” energy and reducing
the level of emissions. In our model economy, emissions are not a by-product of output, as is standard
in the literature [13–17], but they depend on the energy mix. Changes in the energy mix towards
the use of cleaner energy allow output to increase by reducing the level of emissions. The second
important result we find is that the EKC is very asymmetric, where the negative slope side of the EKC
is very flat, resulting in a very slow reduction in environmental deterioration once the threshold level
is reached as GDP continues to increase.

Estimated EKC depends on the benchmark calibration of the model. We carry out a systematic
exploration of the parameter space and find that the EKC varies dramatically as a function of
the three main parameters: the elasticity of substitution between fossil fuels and renewable energy,
the pollution damage parameter to aggregate productivity, and the emissions efficiency parameter.
We find that the EKC hypothesis is only met when the elasticity of substitution between fossil
fuels and renewable energy is sufficiently high. Second, the pollution damage parameter affects
the optimal stock of pollution for each level of income, but an EKC is obtained for the whole
range of values. Finally, we obtain that emissions efficiency has a negative effect on the EKC in
the long-run. This counterintuitive result is explained by the impact of emissions efficiency on the
substitution between fossil fuels and renewable energies. As emissions efficiency increases, the level of
emissions per fossil fuel unit is lower, resulting in a less environmental damage, which disincentives
the substitution of “dirty” with “cleaner” energy, resulting in a positive relationship between income
and environmental damage. Emissions regulation policies have a positive effect on the environment in
the short-run, but negative in the long-run.

The rest of the paper is structured as follows. Section 2 briefly reviews the literature. Section 3
presents an environmental-DGE model where energy is needed for production and two types of
energy: one that produces pollutants and the other clean energy. Section 4 calibrates the model.
Section 5 computes the steady-state of the model for different levels of aggregate productivity to
estimate the steady-state relationship between output and the stock of pollution. Section 6 carries out
a sensibility analysis. Finally, Section 7 presents some conclusions.

2. The Environmental Kuznets Curve: A Brief Literature Review

The Environmental Kuznets Curve (EKC) has attracted great attention from both academics
and policy-makers, mainly because of its powerful implications for sustainable development. The EKC
hypothesis can be interpreted as an optimistic view of the relationship between economic development
and the environment in the long-run. The EKC hypothesis establishes the existence of an inverted
U-shaped relationship between economic development (income) and environmental deterioration.
This hypothesis implies that the elasticity of emissions with respect to output is initially positive
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for low levels of output, but after some threshold level of output, the emissions output elasticity turns
out to be negative; and further increases in output are positive for environment quality. Therefore,
economic growth is not only a factor negatively affecting the environment, but also the solution to
the negative externalities on the environment caused by economic activity once a certain level of
economic development has been reached.

Empirical applications of the EKC began with the contributions of Grossman and Krueger [4,5].
Grossmand and Krueger [4] presented evidence in favor of the EKC hypothesis in a study
about the potential environmental effects of NAFTA (North American Free Trade Agreement).
They estimated a reduced-form relationship between income and the number of pollutants, including
SO2 (sulfur dioxide), black soot, and SPM (Suspended Particles) and found a non-linear relationship
between pollutants and GDP. Grossman and Krueger [5] estimated the EKC for four environmental
indicators: urban air pollution, oxygen regime in river basins, fecal contamination of river basins,
and contamination of river basins by heavy metal. Again, they estimated an initial positive relationship
between output and environmental deterioration and a subsequent phase in which the relationship
was negative, with an environmental improvement once a certain level of income was reached.

Following the initial work by Grossman and Krueger [4], the empirical literature estimating the EKC
has grown exponentially. These works try to estimate a non-linear relationship between a variety of
pollutants and per capita GDP. Usually, the regression model to be estimated includes GDP, the square of
GDP, and also the cube of GDP, for a panel of countries. However, empirical results are mixed, depending
on the pollutants, the sample of countries, and the sample period. Shafik and Bandyopadhyay [18] also
empirically supported the EKC hypothesis, extending previous analysis to 10 environmental indicators.
They obtained estimations of the EKC for most of the environmental indicators, except for municipal
waste and carbon emissions. Holtz-Eakin and Selden [19], Selden and Song [20], and Panayotou [21] also
obtained evidence in favor of the EKC hypothesis for SO2, NOx, SPM, and deforestation. Similar results
were found in [22]. Selden and Song [20] estimated the EKC relationship for four environmental
indicators: SO2, SOx, SPM and CO (carbon monoxide). Initial estimations concentrated on income as
the only explanatory variable for environmental indicators. More recent studies included a large set of
additional variables as controls for the income-environment relationship. For instance, Panayotou [23]
studied the role of population density and the rate of growth as additional control variables to explain
the income-environment relationship, for the case of SO2. However, there exist a number of papers
that cast doubts about the validity of the EKC hypothesis, especially when pollutants are global rather
than local. Özokcu and Özdemir [24] studied the relationship between carbon dioxide and income
using a cubic functional form, not supporting the EKC hypothesis, and suggesting that environmental
degradation cannot be solved automatically by economic growth. Importantly, Dogan and Seker [25]
studied the relationship between real income and renewable and non-renewable energy and found
support for the EKC hypothesis for the top renewable energy countries. For reviews of the literature, see,
for instance, [26–29].

On the other hand, a number of papers have studied the EKC hypothesis from a theoretical
perspective. López [8] developed a model in which the relationship between income and environmental
quality depended on the properties of technology and preferences. In this theoretical framework,
the relationship between the environment and economic growth depends on the elasticity of
substitution between pollution and the production inputs. John and Pecchenino [7] developed
an Overlapping Generation Model (OLG) to study the relationship between economic growth
and environmental quality. Their model produced an EKC relationship between both variables as it
was assumed that environmental quality affected utility and that agents could allocate resources
for investing in environmental quality (cleaner production technologies or better maintenance
technologies). In this theoretical framework, there exists a trade-off between consumption of goods
and services and environmental quality. Jones and Manuelli [9] also developed a model in which
environmental quality affected utility in an OLG theoretical framework, where the relationship between
economic growth and the environment depended on the decision-making institutions that determined
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pollution regulation. Stokey [10] used an endogenous growth model, with a constant return to scale
technology for capital and pollution in the utility function that generated an inverted U-shaped
relationship between per capita income and environmental quality. Andreoni and Levinson [30]
developed a static model in which the EKC arose from the existence of increasing returns to scale
in abatement technology. Tahvonen and Salo [11] studied the transitions between nonrenewable
and renewable energy depending on the development stage of an economy. They obtained
the existence of an inverted U-shaped relationship between the use of fossil fuels and output per
capita, as they assumed that the accumulation of physical capital lowered the cost of renewable energy
at the same time that the cost of extracting fossil fuel was increasing. In general, as pointed out
by Stern [31], it is relatively easy to develop models that generate the EKC income-environmental
quality relationship. However, most of the existing Dynamic Stochastic General Equilibrium (DSGE)
models for the environment assume that pollution is a by-product of output, excluding the possibility
of the EKC hypothesis [13,15,16,28]. Brock and Taylor [32] argued that EKC was one of the most
important empirical findings in environmental and ecological economics directly related to economic
growth models. Once standard growth models, such as the Solow model, incorporate technological
progress in abatement, the EKC is a necessary by-product of the convergence to a sustainable growth
path. For a revision of the theoretical literature supporting the EKC hypothesis, see [33].

In summary, the empirical literature shows evidence in favor of the EKC hypothesis for some
pollutants, but not for others. Additionally, as expected, empirical evidence depends on the countries
considered, where results from developed countries are very different when developing countries
are also included in the sample. Whereas empirical evidence is important for assessing the validity
of the EKC hypothesis, these analyses do not explain the factor driving the relationship between
economic development and the environment in the long-run. Similar mixed results are derived from
environmental-economic models. Some theoretical analyses tend to produce the EKC relationship, as in
general, it is assumed that pollution negatively affects both welfare and productivity. In this context,
there exists a long-run trade-off between output and environmental quality. This trade-off is more costly
as income increases, provoking the inverted U-shaped relationship between income and environmental
deterioration. However, the EKC hypothesis is absent from most environmental-DSGE models,
where the stock of pollution is positively related to output.

3. The Model

In this section, we develop an Environmental-Dynamic General Equilibrium (E-DGE) model with
a three-input production function: physical capital, labor, and energy. We considered two types of
energy: fossil fuels and renewable energy. We assumed that for production, some energy source must
be used as an additional input to capital and labor, and that the use of fossil fuels produces pollution.
Renewable energy is a clean energy as it does not produce emissions. The stock of pollution is a
negative externality that will negatively affect aggregate productivity.

3.1. Households

The economy is populated by an infinitely-lived representative agent who maximizes the expected
value of her/his lifetime utility. Households obtain utility from consumption and leisure.
The household utility function is defined as:

U(Ct, Lt) =
C1−γ

t
1− γ

−ω
L1+ 1

v
t

1 + 1
v

(1)
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where Ct is the consumption, Lt is the working hours, γ is the aversion-risk parameter, υ is the Frisch
elasticity of labor supply, and ω is a parameter representing willingness to work. We consider a
centralized economy. The budget constraint is defined as:

Ct + It + PoOt + PsSt = Yt (2)

where It is investment in physical capital, Yt is final output (total income), Ot is the quantity of fossil
fuel, St is renewable energy, Po is the price of fossil fuels, and Ps is the price of renewable energy.
The two energy prices are assumed to be exogenous.

In the literature, we found two alternative ways to introduce the negative externality produced
by pollution. The first is the introduction of this externality in the aggregate production function.
This was the case, for instance, in Heutel [13] and Golosov et al. [34]. It was assumed that pollution
damages the environment, and hence production, by reducing productivity. Pollution was considered
as a stock variable that accumulates with the emission of pollutants (for example, carbon dioxide
(CO2)). Therefore, atmospheric CO2 concentration has a negative economic impact by reducing final
output. The alternative is to consider pollution as negatively affecting the households’ utility function.
Examples are John and Pecchenino [7], Jones and Manuelli [9], and Stokey [10], among many others.
As pointed out by John and Pecchenino [7], in general, environmental externalities could arise from
production or consumption and could affect welfare or productivity. However, the literature considers
that this alternative is more appropriate for pollutants that affect health directly and that the stock of
pollution is expected to affect the production possibilities of the world economy [2]. Here, we follow
Nordhaus [2] and Heutel [13] and only consider a pollution externality in production technology.

Investment accumulates into physical capital. The physical capital stock accumulation equation is
defined as:

Kt+1 = (1− δk)Kt + It (3)

where Kt is the capital stock and δk (0 < δk < 1) is the depreciation rate of physical capital.

3.2. Pollution

Most of the E-DGE models found in the literature assume that emissions are a function of output.
However, this assumption implicitly neglects the possibility of an EKC, as the level of emissions is
always increasing with output. In this context, a negative relationship between emissions and output
can only be obtained under technological change affecting abatement. A more realistic assumption
would be that only certain production activities (e.g., industry) produce emissions, whereas other
production activities (e.g., some services) are clean sectors as they do not produce emissions. The model
developed here proposes an alternative framework, where emissions are related to the type of energy
source used in the final production. That is, pollution is assumed to be generated by the use of a fossil
energy source. In particular, we assumed that the damage is proportional to the quantity of fossil
energy used.

Xt = ηOt (4)

where η > 0 represents a proportionality parameter of pollution to the use of fossil fuels.
This parameter is determined by emissions efficiency technologies. Emissions accumulate into a
stock of pollutants, Zt, given by,

Zt+1 = (1− δz)Zt + Xt (5)

where δz (0 < δz < 1) is the decay rate of the stock of CO2, and where the half-life of CO2 concentration
in the atmosphere is defined as t1/2 = ln(2)/δz. Only when the flow of emissions is lower than
the decay in the stock of pollution, Xt < δzZt, the EKC appears.
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3.3. Production Technology

The model considers a three-factor aggregate production function: physical capital, labor,
and energy. Energy is a necessary input for production. We assumed the following aggregate
production function that exhibits constant returns to scale on all factors, represented by a Cobb–
Douglas technology:

Yt = At exp(−φZt)K
α1
t Eα2

t L1−α1−α2
t (6)

where the term exp(−φZt) represents the cost of the damage from pollutants measured as forgone
output and φ > 0 is a parameter governing the elasticity of aggregate productivity with respect
to the stock of pollutants. The final output is influenced by a neutral technology component At

(Total Factor Productivity (TFP)) and by an externality due to emissions. Total factor productivity, At,
is assumed to be exogenously given.

Energy is an Armington aggregator of fossil fuel and renewable energy:

Et =

[
µO

σ−1
σ

t + (1− µ)S
σ−1

σ
t

] σ
σ−1

(7)

where σ > 1 is the elasticity of substitution between both types of energies and µ is a parameter
representing the weight of each type of energy in the final energy mix. The model assumes that both
types of energy are imperfect substitutes, but some degree of substitution exists between the two
energy sources.

3.4. Centralized Equilibrium

The central planner solution is derived by choosing the path for consumption, labor, physical
capital, fossil fuels, renewable energy, and stock of pollution, to maximize the sum of the discounted
utility subject to resource, technology, and emissions constraints. From the first order conditions
for the centralized problem, we obtain the following equilibrium conditions (see Appendix A
for details):

ωCγ
t L

1
v +1
t = (1− α1 − α2)Yt (8)

Cγ
t+1

Cγ
t

= β

[
(1− δk) + α1

Yt+1

Kt+1

]
(9)

Ps,t = α2(1− µ)
YtS

−1
σ

t

µO
σ−1

σ
t + (1− µ)S

σ−1
σ

t

(10)

ηφYt+1 =

P0,t+1 − α2µ
Yt+1O

−1
σ

t+1

µO
σ−1

σ
t+1 + (1− µ)S

σ−1
σ

t+1

 (1− δz)

− C−γ
t

βC−γ
t+1

P0,t − α2µ
YtO

−1
σ

t

µO
σ−1

σ
t + (1− µ)S

σ−1
σ

t

 (11)

Expression (8) is the optimal labor supply. Expression (9) is the optimal consumption path.
Expression (10) is the equilibrium condition for the use of renewable energy, whereas Expression (11)
indicates the optimal stock of pollution.

3.5. Steady-State

The simulation exercise consisted of computing the steady-states for the model economy for each
value of the total factor productivity, which was assumed to be exogenous. The steady-state system
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contained 10 equations in 10 unknowns (Y, C, I, L, K, E, O, S, X, Z). The steady-state equations are
the following:

CγωL
1
v +1 = (1− α1 − α2)Y (12)

1 = β

[
(1− δk) + α1

Y
K

]
(13)

E =
[
µO

σ−1
σ + (1− µ)S

σ−1
σ

] σ
σ−1 (14)

Ps = α2(1− µ)

[[
µO

σ−1
σ + (1− µ)S

σ−1
σ

]−1
YS

−1
σ

]
(15)

δkK = I (16)

C + I + PoO + PsS = Y (17)

Y = A exp(−φZ)Kα1 Eα2 L1−α1−α2 (18)

X = ηO (19)

δzZ = X (20)

βηφY = (β(1− δz)− 1)

[
Po −

α2µO
−1
σ

µO
σ−1

σ + (1− µ)S
σ−1

σ

]
(21)

4. Data and Calibration

This section presents the calibration of the parameters of the model. We calibrated the parameters
of the model using data for the U.S. economy. Since the model was composed of macroeconomic
parameters and also parameters related to emissions, we used different sources for its calibration.
Macroeconomic parameters were calibrated from the real business cycle literature, while energy
and emissions parameters were taken from studies related to environment and climate change, mostly
from [2,13,34]. For the baseline calibration, we used a TFP value of 1. The discount factor (for annual
data) was fixed at 0.97, which meant that in the steady-state, the real interest rate was around 3%,
whereas the relative risk aversion parameter was equal to 1.2, values that are standard in the literature.
Parameter values for labor supply were selected to replicate the observed fraction of time devoted
to working activities of about 0.33 from the Bureau of Labor Statistics (BLS). For the Frisch elasticity
of labor supply, υ, we used a value of 0.72 as proposed by Heathcote et al. [35]. The parameter
representing the willingness to work was chosen internally to produce a value for working hours per
year of 1600 h, corresponding to a fraction of working hours over total available discretionary time of
about 0.33. As is standard in the literature, total available time was calculated by assuming that each
day has 16 h (24 h less 8 h for sleeping), a working week of six days, and a total of 50 working weeks
per year. This resulted in a total discretionary time of 4800 h per year. Thirty-three percent of 4800
is around 1600 working hours per year. Using these figures, the calibrated value for the parameter
representing willingness to work was 15.60.

Production function technological parameters were taken from the EIA (U.S. Energy Information
Administration) and BLS. We assumed that the fraction of labor compensation over total income
was 0.65. As the production function assumed the existence of constant returns to scale, the sum
of the technological parameters for the other two inputs, physical capital and energy, must be 0.35.
The technological parameter governing the elasticity of output with respect to energy was obtained
from the proportion of energy consumption over GDP and was estimated to be 0.0982. Therefore,
the elasticity of output with respect to physical capital was 0.2518.

The parameter representing the proportion of fossil fuels to total energy mix was taken
using data from the IEA and was fixed at 0.73, the remaining 27% accounting for renewable
“clean” energy. The parameter governing the elasticity of substitution between fossil fuel energy
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and renewable energy was fixed at 1.5, as the benchmark. Finally, environmental parameters were
taken from [2] and calibrated simultaneously to produce a loss of productivity of 1% in the steady-state
for the benchmark calibration. The pollution decay rate was fixed at 0.012, as is standard in
the literature. This corresponded to a half-life of CO2 concentration of about 58 years. Heutel [13]
estimated an elasticity of emissions with respect to output of 0.696, whereas the productivity loss from
pollution was estimated to be 0.27%. We fixed the emission parameter to be 0.1, resulting in a pollution
damage parameter of 0.0875. A summary of the calibration of the parameters is presented in Table 1.

Table 1. Calibration of the parameters.

Parameter Definition Value

Preferences

β Discount factor 0.975
γ Risk aversion 1.2
ω Labor weight 15.60
υ Frisch elasticity parameter 0.72

Technology
α1 Output-capital elasticity 0.2518
α2 Output-energy elasticity 0.0982
δk Physical capital depreciation rate 0.07

Energy µ Weight of fossil fuels 0.73
σ Energy substitution 1.50

Environment
η Emissions parameter 0.1
δz Pollutant stock decay rate 0.012
φ Pollution damage parameter 0.0875

5. Results: The Environmental Kuznets Curve

The calibrated model can be simulated to obtain a structural estimation of the EKC. This can
be done by computing the steady-state of the economy for a range of values of the Total Factor
Productivity (TFP). We solved the steady-state equations of the model for different values of the TFP,
resulting in a series of steady-state values for the remaining variables of the model. Then, we could
plot the steady-state relationship for the range of values for the stock of pollution as a function of
the values for output to obtain a structural estimation of the EKC. In solving for the steady-state,
we did not consider any other technological change in the economy, or any assumption about changes
in the relative prices of the alternative energy sources.

Figure 1 plots the steady-state relationship between output and the stock of pollution from
the model simulation, using the benchmark calibration. We can observe that the estimated relationship
between pollution and output was an inverted U-shaped curve, as stated by the EKC hypothesis.
For low levels of output, the relationship between output and the stock of pollutants was positive.
As we increased output, the stock of pollutants reached a maximum, and from that threshold value,
the relationship between output and environmental deterioration became negative. For the EKC to
exist, it was necessary that once the threshold was reached, the level of emissions was lower than
the depreciation of the stock of pollution. In our framework, this was only possible if the fossil fuel
consumption (the source of pollution) decreased.
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Figure 1. The environmental Kuznets curve: relationship between output and stock of pollution.

The mechanisms behind this result were the following. Our model economy considered a
three-factor production function, including energy, where they were complementary. This implied that
to obtain more output, more energy inputs were needed. In the calibration of the model, we assumed
a Cobb–Douglas production function, and hence, the elasticity of substitution among factors (physical
capital, labor, and energy) was unitary. Therefore, some substitution among input factors was
possible during the growth process, but the relationship between output and the quantity of energy
(ruling out energy use efficiency technological change) was always positive. However, as aggregate
productivity increased, energy intensity (measured as energy consumption per output unit) declined.
(We investigated a CES production function where the elasticity of substitution between physical capital
and energy was lower than one, but the results did not change.) Second, the model assumed, following
Nordhaus [2], that the damage of emissions on productivity increased exponentially. This implied that
the pollution externality cost, measured in terms of final output, increased more than proportionally as
more energy was needed in the production process. This increased the relative price of “dirty” energy
sources with respect to “clean” energy sources. As a consequence, as the stock of pollution increased,
there was a substitution process across energy sources, where “dirty” energy sources were changed
to “clean” energy sources. This substitution effect made the reduction in emissions compatible with
the rise in total energy consumption. Therefore, it was the increase in the price of the fossil fuels
energy source relative to the price of the renewable energy source, measured as losses in productivity,
that was the underlying mechanism that explained the resulting EKC. These results were consistent
with the model of Tahvonen and Salo [11], which supported the EKC hypothesis, but different from
most of the existing environmental-economic models [13,15,16,28], in which the EKC did not work.

The simulated EKC produced by the model showed an interesting property. The EKC was not
symmetric, as was generally assumed in the empirical literature when estimating a reduced-form
equation between an environment indicator and income (level and square). Instead, the slope of
the curve was different when the maximum was reached. The model simulated relationship increased
rapidly during the first state of economic development, but once the stock of pollutants reached
its maximum, the negative slope was very flat, indicating that the negative elasticity of pollutants
to output was very small. This implied that once the stock of pollutants reached its maximum,
the reduction in the stock of pollutants was a slow process as the level of output was increasing.
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Of course, technological progress related to the energy use efficiency or to the level of emissions per
energy unit could accelerate the reduction in the stock of pollutants. Other technological advances,
such as artificial Carbon dioxide Capture and Removal (CCR) technologies could increase the negative
elasticity between pollution and output. However, our finding was meaningful as it demonstrated that
the EKC could be produced just by neutral technological change, as an optimal reaction of the economy
by changing the energy mix when the damage to productivity started to be large enough.

Figure 2 plots the steady-state values for energy intensity. Total energy intensity declined as
output increased, a result consistent with the empirical evidence, indicating that the growth rate of
output was higher than the growth rate of energy consumption, as a fraction of output growth was
explained by aggregate productivity improvements. Energy intensity from the two alternative energy
sources showed a different pattern. Whereas fossil fuel energy intensity reduced, renewable energy
intensity increased. This result was derived from the changes in the energy mix. As output increased,
fossil fuel consumption declined, whereas consumption of renewable energy increased, resulting
in different changes in energy intensity depending on the energy source. However, the increase in
renewable energy intensity was not problematic as this was a “clean” energy with no negative impact
on the environment.
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Figure 2. Energy intensity as a function of output.

6. Sensitivity Analysis and Discussion

The structural estimation of the EKC presented above was a benchmark estimation conditional
on the particular parameterization of the model, presented in Table 1. Therefore, it was necessary to
carry out a sensitivity analysis to evaluate how the benchmark EKC estimation responded to changes
in the parameters. Here, we carried out this sensitivity analysis for a range of values of the relevant
parameters affecting the steady-state relationship between final output and the stock of pollution:
the elasticity of substitution between fossil fuels and renewable energy, the elasticity of aggregate
productivity with respect to the stock of pollution, and the emissions efficiency parameter.

First, we studied how the output-environment deterioration relationship responded to alternative
values for the elasticity of substitution between fossil fuels and renewable energy. The underlying
mechanism driving the output-environment deterioration relationship was energy mix changes.
Changes in the energy mix depended on the degree of substitutability between the alternative energy
sources. Therefore, we expected that the value of the elasticity of substitution between fossil fuel
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and renewable energy was a key parameter in the estimation of the EKC. Figure 3 plots the simulated
EKC depending on the value of the elasticity of substitution between fossil fuels and renewable energy.
We simulated the model for three cases: a unitary elasticity of substitution, σ = 1, the benchmark
case where the elasticity of substitution was 1.5, and a third case where the elasticity of substitution
was 2. Results showed that the steady-state output-environment relationship was very sensitive to
this parameter. Furthermore, for the first case of a unitary elasticity of substitution, the EKC hypothesis
was not supported, resulting in a relationship between output and the stock of pollution that was
always positive, indicating that substitution of “dirty” with “clean” energy was slow compared to
output growth. In this case, as output increased, the use of fossil fuel reduced, but not at a rate high
enough to affect the stock of pollution negatively. The EKC appeared when the elasticity of substitution
between both energy sources was above one. As the elasticity of substitution increased above one,
the substitution of fossil fuel by renewable energy accelerated, resulting in a significant reduction in
emissions and in the stock of pollution. Interestingly, the threshold value where the stock of pollution
reached a maximum was also affected by the elasticity of substitution. The higher the elasticity
of substitution between energy sources, the lower the threshold output level and the lower the
maximum stock of pollution. These results were consistent with the empirical findings by Urban
and Nordensvärd [36], who showed that low carbon energy transition in the Nordic countries had
been fundamental for the validity of the EKC hypothesis in these economies.
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Figure 3. EKC. Change in the elasticity of substitution between fossil fuels and renewable energies.
Solid line: benchmark case, σ = 1.5. Dashed line: σ = 2. Starred line: σ = 1.

Figure 4 plots the renewable energy-to-fossil fuels ratio for the different values of the elasticity
of substitution. When the elasticity of substitution was low (i.e., unitary), the renewable-fossil
fuel ratio increased slowly as output increased. However, this ratio increased at an exponential
rate as the elasticity of substitution was high. These results indicated that for an EKC to exist,
the elasticity of substitution between “dirty” and “clean” energies must be large enough. This result
highlighted the importance of energy mix policies and investment directed policies toward renewable
energy as fundamental instruments to reduce environmental damages. Stern [37] carried out a
meta-study of 47 studies of inter-fuel substitution, resulting in an average elasticity of 0.95. By contrast,
Golosov et al. [34] used a much higher elasticity of two.
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Figure 4. Ratio of renewable-to-fossil fuels. Change in the elasticity of substitution between fossil fuels
and renewable energies. Solid line: benchmark case, σ = 1.5. Dashed line: σ = 2. Starred line: σ = 1.

A second parameter affecting the estimation of the EKC is the pollution damage parameter to
productivity. This parameter determines the negative impact of the stock of pollution on aggregate
productivity. In the model, the negative impact of the stock of pollution on aggregate productivity
was assumed to be an exponential function, following Özokcu and Özdemir [24]. The parameter φ

measures the losses in aggregate productivity as a function of the stock of pollution, representing how
harmful pollution is for the quality of the environment. In principle, we could expect that the lower
this parameter, the better for the economy and the environment. However, we also expected that as
this parameter was higher, the substitution of “dirty” energy with “clean” energy would be fostered,
having a positive impact on the environment. This could be counterintuitive, as it implied that
the greater the damage to the economy per unit of pollution, the better for the environment. Figure 5
plots the simulated EKC for different values of the pollution damage parameter (the benchmark case
φ = 0.1, 0.15, and 0.2). We observed that independently of the value of this parameter, an EKC was
obtained. On the other hand, the maximum for the stock of pollution and the threshold output value
differed depending on this parameter. As the damage parameter increased, both the threshold output
value and the maximum stock of pollution declined. Furthermore, the accumulation of pollution was
lower as the damage parameter increased. Therefore, paradoxically, a high damage parameter was
better for the environment.

Figure 6 plots the ratio between renewable energy and fossil fuel depending on the damage
parameter, which explained the EKCs in the above figure. The lower the damage parameter, the lower
the substitution of “dirty” energy with “clean” energy, which explained an EKC with a very high
stock of pollution. The damage parameter is key for determining the social cost of fossil fuel.
A higher damage parameter increases the relative price of fossil fuel with respect to renewable
energy, which incentives the substitution of the former with the latter energy source. This reduces
emissions for any income level, reducing the pollution accumulation process.
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Figure 5. EKC. Change in the pollution damage parameter. Solid line: benchmark case, φ = 0.1.
Starred line: φ = 0.15. Dashed line: φ = 0.2.
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Figure 6. Renewable-to-fossil fuel ratio. Change in the pollution damage parameter. Solid line:
benchmark case, φ = 0.1. Starred line: φ = 0.15. Dashed line: φ = 0.2.

Finally, we studied the sensitivity of the EKC to the parameter representing the level of
emissions per fossil fuel unit. This is an emissions efficiency parameter that can be regulated by
environmental policies establishing limits to emissions. Figures 7 and 8 plot the EKC and the renewable
fossil fuels ratio for different values of the parameter reflecting the level of emissions per unit
of fossil fuel consumed. We found that increasing emission efficiency had a positive effect on
the environment for low levels of income, but not for high incomes, as this parameter did not change
the accumulation process of pollution, but its timing. Indeed, as we increased the level of emissions
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efficiency, the negative slope side of the EKC disappeared, resulting in a positive relationship between
environmental deterioration and output, for the range of income values in the simulations. Damage to
the environment per unit of fossil fuel consumed was lower when emissions efficiency was higher,
but this simply delayed the accumulation of pollution.
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Figure 7. EKC. Change in the emissions parameter. Solid line: benchmark case, η = 0.5. Starred line:
η = 0.1. Dashed line: η = 1.
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Figure 8. Fossil fuel-to-renewable ratio. Change in the emissions parameter. Solid line: benchmark
case, η = 0.5. Starred line: η = 0.1. Dashed line: η = 1.

The most important result was that the maximum stock of pollution was always the same
independently of the emissions parameter, but the threshold output value differed. As emissions
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efficiency increased, the threshold output value also increased. However, the timing changed.
When emissions efficiency was high, the accumulation of pollutants was low as output increased.
This was because emissions per unit of fossil fuel energy were also very low and little substitution
between fossil fuel and renewable energy was produced. However, when emissions efficiency was
lower, this accelerated the accumulation of pollutants, as more emissions per unit of fossil fuel were
generated. However, this process also accelerated the substitution of “dirty” with “clean” energy,
reducing the output for which the stock of pollution reached a maximum.

The variability of the emission parameter across time and countries could explain why
the empirical literature had obtained mixing results (see, for instance, [26–29]) depending on
the countries and period samples. The value of this parameter was determined by the combination of
different fossil fuels (coal, oil, and gas), where carbon emissions generated by each source were different.
Therefore, for the empirical estimation of the EKC was necessary not only to control for the energy mix
between non-renewable and renewable energy sources, but also the fraction of each type of fossil fuel.

From the above results, we could derive an important environmental policy recommendation:
emissions efficiency policies did not contribute to preserving environmental quality in the long-run,
although they were effective in the short-run. This was a counterintuitive result, as authorities have
made considerable efforts in implementing policies for increasing emissions efficiency. Examples of
these policies are limits to emissions and the promotion of catalytic inverter technologies. These policies
are designed to mitigate damage to the environment. However, our analysis revealed that these policies
might be ineffective in the long-run. Whereas these policies were effective at reducing environmental
damage in the short-run, they disincentivized the substitution of “dirty” energy with “clean” energy,
increasing the accumulation of pollution in the long-run. In other words, the accumulation process
of pollution did not change as a function of emissions efficiency; this only delayed the process.
This is an important issue to be taken into account when designing and implementing emissions
reduction policies.

Overall, the results presented in this paper were consistent with the literature that
studies the relationship among output, renewable and non-renewable energy consumption,
and the environment, and they offered an explanation of the missing results obtained by the empirical
literature estimating the ECK hypothesis. A number of empirical works [38–44] have found a
direct impact between renewable energy consumption and the presence of EKC, using different
econometric techniques and sample countries. Dogan and Seker [38] studied the role of renewable
and non-renewable energy consumption on carbon emissions for the European Union. They showed
that the split of energy consumption between renewable and non-renewable energy sources had
dramatic consequences on the estimation of the EKC. Their results indicated that renewable energy
mitigated carbon emissions and supported the EKC hypothesis, an empirical result consistent
with the theoretical analysis in this paper in which the EKC hypothesis depended on the energy
transition from non-renewable to renewable energy sources. Jebli et al. [39] and Erdogan et al. [44]
carried out a similar analysis for a panel of 25 OECD countries, the two arriving at similar results.
Dogan and Ozturk [40] studied the case of the U.S. and found that the ECK hypothesis was not
valid for this country, but also estimated that increases in renewable energy consumption mitigated
environmental degradation, whereas increases in non-renewable energy consumption contributed
to carbon emissions. These results not only applied to developed countries, but similar results
were obtained in the case of developing countries, as shown by Danish et al. [41] and Gill et al. [42].
Le et al. [43] considered a sample of 102 countries, including both developed and developing economies,
and found that the use of non-renewable energy consumption significantly increased emissions across
different income groups of countries, but that the use of renewable energy sources mitigated carbon
emissions in developed countries, but not in developing economies. Finally, the energy mix of a
particular economy also depends on the sectorial structure, a link that could explain the results found
by Le et al. [43]. Lin et al. [45] and Dogan and Iglesi-Lotz [46] highlighted the implications of
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the economic structure for the presence of an EKC, as the importance of the industry is directly related
to the energy mix and, hence, the level of emissions.

7. Conclusions and Policy Implications

Long-run sustainable economic growth and environmental protection are dynamically linked by
the existence of an intertemporal constraint resulting from the negative impact of the stock of pollutants
on production. A key element of the relationship between economic growth and the environment is
the so-called Environmental Kuznets Curve (EKC) hypothesis, which establishes the existence of a
U-shaped relationship between income and environmental quality. For low levels of income, economic
growth leads to environmental deterioration, whereas for high levels of income, economic growth
reduces environmental damages.

The literature has focused on the role of alternative environmental policies to mitigate
environmental damage, including abatement policies, taxes, etc., or directed technical change as
a key driving force to reduce pollutant emissions. In this paper, we argued that the most effective
path to mitigate environmental damage was the introduction of changes in the energy mix to be
redirected to the use of cleaner energy sources. To study the relationship between output, the energy
mix, and the environment, this paper developed an environmental-DGE model where productivity
was negatively affected by the stock of pollutants. The model used a three-factor production
function: capital, labor, and energy. Two energy sources were considered: fossil fuels energy
and renewable energy. Emissions were generated by the use of fossil fuel in the energy production
activity. Model simulations supported the EKC hypothesis. As income increased, initially, the level
of emissions increased, reaching a maximum, from which, output reduced the level of emissions.
The explanation of this result was the following. As output increased, the pollution externality cost
also increased, reducing productivity. This made the use of “dirty” energy more expensive relative to
renewable “clean” energy. The increase in the fossil fuels/renewable energy relative price, measured
in units of final output, provoked a substitution of “dirty” energy with “clean” energy, resulting in a
decrease in the level of emissions. However, simulations of the model revealed that while the positive
slope part of the EKC was much steeper, the negative slope part of the EKC was estimated to be very
flat. This result meant that once the economy reached the maximum environmental deterioration
level, the output-environmental deterioration negative elasticity was very small and little gain in
environmental quality was produced as income further increased. This negative elasticity depended
on the effects of environmental deterioration on productivity.

Finally, the paper investigated the sensitivity of the estimated EKC to changes in the key
parameters determining the steady-state relationship between output and the stock of pollution.
First, the EKC hypothesis was only met when the elasticity of substitution between fossil fuel
and renewable energy was sufficiently high (higher than one). If the elasticity of substitution between
both energy sources was unitary, the EKC did not hold. As the elasticity of substitution increased,
the maximum level of pollution declined, and a greater decrease in the stock of pollution was obtained
as output increased. Second, the higher the elasticity of productivity to the stock of pollution, the lower
the optimal stock of pollution as a function of output. This was a counterintuitive result as worse
(more damage to the economy) was better (for the environment). Finally, we studied the impact
of emissions efficiency and found that it did not affect the accumulation of pollution, but affected
its timing. As emissions efficiency increased, pollution accumulated slowly for any level of income.
From this result, we obtained an important policy implication: emissions efficiency policies did not
contribute to solving the problem of pollution and only contributed to delaying the problem.
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Abbreviations

The following abbreviations are used in this manuscript:

EKC Environmental Kuznets Curve
GPD Gross Domestic Product
DGE Dynamic General Equilibrium
TFP Total Factor Productivity
BLS Bureau of Labor Statistics
EIA U.S. Energy Information Administration
Yt Output
Kt Stock of physical capital
Lt Labor
Et Energy
Ct Consumption
It Investment
Ot Fossil fuel
St Renewable energy
PO Price of fossil fuel
PS Price of renewable energy
Xt Carbon emissions
Zt Stock of pollution
At Total factor productivity
β Discount factor
γ Aversion risk parameter
ω Willingness to work
υ The Frisch elasticity
α1 Output-capital elasticity
α2 Output-energy elasticity
δK Depreciation rate of physical capital
µ Weight of fossil fuel
σ Energy substitution parameter
η Emissions parameter
δZ Decay rate of the stock of pollutants
φ Pollution damage parameter

Appendix A

The central planner maximization problem can be defined using the following Lagrangian
auxiliary function:

L =
∞

∑
t=0
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The first order conditions for the consumer maximization problem are:

∂L
∂Ct

: βtC−γ
t − λ1,t = 0 (A2)
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∂L
∂Zt+1

: −λ1,tφYt+1 − λ2,t + λ2,t+1(1− δz) = 0 (A7)

From first order conditions, we obtain the following values for the Lagrangian multipliers:

λ1,t = βtC−γ
t (A8)
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Substituting in first order conditions for the consumer maximization problem, we obtain
the equilibrium condition for the working hours:

Cγ
t ωL

1
v +1
t = (1− α1 − α2)Yt (A10)

The optimal consumption path is given by:
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The optimal stock of pollution is defined by:
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