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Abstract: This paper aims to analyse the economy-wide implications of a carbon tax
applied on the Chilean electricity generation sector. In order to analyse the macroeconomic
impacts, both an energy sectorial model and a Dynamic Stochastic General Equilibrium
model have been used. During the year 2014 a carbon tax of 5 US$/tCOze was approved in
Chile. This tax and its increases (10, 20, 30, 40 and 50 US$/tCOze) are evaluated in this
article. The results show that the effectiveness of this policy depends on some variables
which are not controlled by policy makers, for example, non-conventional renewable
energy investment cost projections, natural gas prices, and the feasibility of exploiting
hydroelectric resources. For a carbon tax of 20 US$/tCOze, the average annual emission
reduction would be between 1.1 and 9.1 million tCOze. However, the price of the
electricity would increase between 8.3 and 9.6 US$/MWh. This price shock would
decrease the annual GDP growth rate by a maximum amount of 0.13%. This article
compares this energy policy with others such as the introduction of non-conventional
renewable energy sources and a sectorial cap. The results show that the same global
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greenhouse gas (GHG) emission reduction can be obtained with these policies, but the
impact on the electricity price and GDP are lower than that of the carbon tax.

Keywords: energy policy; climate change; carbon tax; macroeconomic models;
Dynamic Stochastic General Equilibrium (DSGE); generation expansion planning;
non-conventional renewable energy

1. Introduction

Chile is a minor contributor to global greenhouse gas (GHG) emissions (0.2%). However, according
to the last official GHG national inventory, the emissions from the energy sector have grown 101%
between 1990 and 2010. Figure 1 shows the national inventory by sectors [1]. These statistics also
show that the electricity generation sector is responsible for the highest amount of emissions. A recent
study led by the government shows this situation has not changed. The electricity generation sector
will continue to be the main GHG emitter, followed by the transport and industry sectors. These three
sectors represent 77.2% of total emissions in 2013 [2].

Chile’s motivation to contribute to worldwide emissions reductions stems from the United Nations
Framework Convention on Climate Change (UNFCCC) and its principle of common but differentiated
responsibilities. The country intends to contribute to achieving the ultimate objective of the Convention
by undertaking mitigation actions, as well as taking advantage of the potential environmental and
social benefits and improvements in the quality of growth that can be directly derived from mitigation
actions. Following this line of action, Chile will take nationally appropriate mitigation actions to
achieve a 20% deviation below the “Business as Usual” emissions growth trajectory by 2020,
as projected from the year 2007 according to Chile’s commitment at Copenhagen in 2010. During the
last Climate Summit in New York in September 2014, the current president reaffirmed this voluntary
commitment, subject to international support.

A more comprehensive analysis will help to establish exactly how Chile will fulfil its commitment
to achieve its desired reduction in emissions. This paper aims to analyse the impact of a specific
economic instrument: a carbon tax applied to the electricity generation sector. In 2014 Chile had a
change of government following the presidential elections. The new government proposed a tributary
reform which includes a carbon tax of 5 US$/tCO:2 applied on fixed sources with installed capacity up
to 50 MW (therefore, the carbon tax is not applied to the industry, transport, commercial, and
residential sectors). A carbon tax would reduce the GHG emissions through two broad influences—a
demand effect, reducing energy demand due to higher prices in the electricity sector as well as in the
whole economy, and a substitution effect, that is switching from more to less carbon intensive fuels.
The second effect is analysed in this paper. In addition, this instrument is compared with other energy
policies such as an increase in non-conventional renewable energy sources and a cap on the total
emissions of the electricity generation sector.
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Figure 1. Chilean national GHG inventory by sector [1]. The blue bar is the electricity
generation sector which is analysed in this paper.

Carbon taxes have mostly been implemented in Scandinavian countries, Australia (it was abolished
in 2014), and a few other European countries. Finland (1990), Sweden (1991), Norway (1991) and
Denmark (1992) led the way in implementing a carbon tax [3].

Economic and energy models have been used in previous studies. Large-scale energy-economy
models have been extensively used in the European Union (EU) climate and energy policies [4-6],
and combining energy and economic models has been a standard in the EU. The link is necessary
when sectorial models cannot provide all the answers that policy makers are looking for, for example,
the impact on GDP pathway of an energy policy [7]. Most previous studies have used computable general
equilibrium (CGE) models to analyse the economic implication of this kind of environmental policy.
The GEM-E3 (a CGE model called General Equilibrium Model for Energy—Economy—Environment
interactions) and the Energy—Environment—Economy macro-econometric (E3ME) model are being
used to evaluate policy issues for the European Commission. These models are linked to the
Price-Induced Market Equilibrium System (PRIMES) energy model [6]. In the Long Term Mitigation
Scenario process [8,9] and in [10] a CGE model is used to evaluate the impact of a carbon tax in South
Africa. In [11] the macroeconomic impact in Thailand of introducing an emission trading system and
carbon capture storage technologies was evaluated. In [12,13] a CGE model is used to evaluate how a
carbon tax policy impacts on energy consumption and GHG emissions in China. In [14] a multi-sector
and multi-region CGE model is used to quantify the economic impacts of EU climate and energy
package in Poland. In [15] two scenarios are evaluated to quantify the macroeconomic impacts in
Pakistan, the first scenario only included different levels of carbon tax, and in the second scenario a
carbon tax and energy efficiency improvements that have been jointly simulated are evaluated.
Another approach is possible to find in [16], in this reference a Dynamic Stochastic General
Equilibrium (DSGE) is developed to evaluate the macroeconomic impact of different mitigation action
in Poland. In [17] an Input-Output matrix is used to estimate the short-term effects of a carbon tax in
Italy, which includes the percentage increase in prices and the increase in the imports of commodities
to substitute domestically produced ones as intermediate input.
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Energy sectorial models have also been used in previous studies. TIMES (The Integrated
MARKAL-EFOM System) Integrated Assessment Model (TIAM) is a bottom-up energy system model
with a detailed description of different energy forms, resources, processing technologies and end-uses [18].
Model for Energy Supply Systems and their General Environmental impact (MESSAGE) is a supply
energy model. Both models have been used by the Intergovernmental Panel on Climate Change (IPCC)
to project global energy and emission scenarios. Also these models have been used to analyse local
options with more details. For example, in [19] renewable energy options are analysed to mitigate
climate change in India, and in [20] the MESSAGE model was used to evaluate 12 strategies to reduce
the Malaysia’s carbon footprint of the energy sector. In [21] the Asian Pacific Integrated Model (AIM)
is used for scenario analysis of GHG emission and the impacts of global warming in the Asian Pacific
region. This model comprises 4 discrete models which are linked: The emission model and the global
warning impact model are linked to two global physical models.

In [22] a fuzzy mixed-integer energy planning model under carbon tax policy is developed. In [23]
an end-use energy model is presented for assessing policy options to reduce greenhouse gas emissions.
This model evaluates the effects of imposing a carbon tax on various carbon emitting technologies in
order to reduce CO:2 emissions. In [24] the impact of renewable energy source incentives and
mitigation policies (feed-in tariffs, quota obligation, emission trade, and carbon tax) are considered in
the framework of the generation planning problem to be solved by a generation company. Renewable
energy quota and emission limits result in a set of new constraints to be included in a traditional
generation expansion planning model. In [25] an integrated power generation expansion planning
model towards low-carbon economy is proposed. In [26] a short term optimization method is proposed
to determine the optimal tax rate among generating units.

The literature review shows that macroeconomic models (CGE, DSGE, I/O matrix, etc.) do not
represent endogenously all the details of the power sector to simulate the generation expansion
planning under carbon tax scenarios. Due to this fact, in this paper both energy sectorial and
macroeconomic models have been implemented, and an approach to link these two is presented. In [6]
the GEM-E3 model cannot produce energy system simulations as accurately as the PRIMES model,
therefore the GEM-E3 model is calibrated according to projections obtained by the PRIMES model [27].
The PRIMES model is more aggregated than engineering models and far more disaggregated than
econometric models. Also in [6], the power generation mix was treated as exogenous in E3ME model
and adapted to the results of the PRIMES model. In [14] a detailed bottom-up representation is used to
model the electricity generation sector, however, this representation is less detailed in comparison to
sectorial models. In [10] a long-term electricity investment plan of a previous study is used to calibrate
a CGE multi-sectorial model. Also in [14] the power development plan is an input for the CGE model.
In [28] a technological and the time period detail is introduced in a CGE framework to represent
electricity demand and electricity generation by power plants. In a typical CGE model the energy
sector is represented using one load block or stage per year. However, in this work [28] it was
represented until 180 load blocks.

In this paper a DSGE model is selected instead of a CGE model. What DSGE and CGE modelling
have in common is that they belong to the micro founded macroeconomic models of general
equilibrium, but they differ in two important issues regarding modelling results: dynamics and
uncertainty. DSGE models are strictly dynamic models, while CGE models are comparatively static
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ones. The dynamic characterization of the models allows for optimal decision rules that are not policy
invariant, and where time is directly considered. This characterization has gained in terms of allowing
analyses of the paths of the variables behavior instead of comparing different equilibriums, and by
analysing the reachability of them, relative to the static characterization. The CGE type of model
allows comparing steady state equilibriums but not the trajectories toward the equilibriums.

The treatment of uncertainty in the DSGE models makes them superior to CGE models, which are
deterministic, because they allow a better fit of the theoretical models with the data. These features are
causing a shift from CGE to DSGE modeling, which is becoming a valuable tool for assessing policy
analysis, mechanisms analysis and projections [29,30]. However, the CGE models include a large
variety of sectors, so they make possible to analyze sectoral composition of output, employment,
capital, efc., while the DSGE models focus in more aggregated analysis.

In Chile there are two main independent power systems, the Central Interconnected System
(in Spanish, Sistema Interconectado Central, SIC), and the Norte Grande Interconnected System
(in Spanish, Sistema Interconectado del Norte Grande, SING). Figures 2 and 3 show the historical
generation by source for the SIC and SING, respectively. The hydroelectricity generation is one of the
main sources in the SIC, whereas in the SING coal is one of the main energy sources. The maximum
demand in SIC was 7,535 MW and SING was 2,300 MW in 2014.
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Figure 2. Electricity generation by sources, SIC 1999-2013.
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Figure 3. Electricity generation by sources, SING 1999-2013.
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Chile has great potential to produce electricity with renewable energy sources, such as hydroelectric
(12,000 MW), solar (1,000,000 MW), wind (40,000 MW) and geothermal (16,000 MW) sources [31].
However, some issues have affected the development of this technology in Chile. In the case of solar
and wind energy, there is uncertainty related to the evolution of the future investment cost and the lack
of access to long term contracts constitutes a barrier for project developments. In the case of hydroelectric
sources, environmental problems have faced some projects. For example, the hydroelectric generation
potential of the Aysén region has been estimated to be more than 7,000 MW. Two specific projects have
been evaluated in this zone: HidroAysen (2,750 MW) and Cuervo (640 MW). However, these projects
have faced the opposition of several groups due to the fact that these would be installed in a pristine
region of Patagonia, known for glaciers and lakes. In addition, these projects require a transmission
line of more than 2,000 km to inject its energy to SIC power system. The first project presented its
environmental evaluation in year 2008, and was approved in May of 2011. However an action
complaint against the environmental resolution was presented which had to be resolved by a Minister
Committee. The final resolution of this was extended for more than three years. Finally,
the environmental evaluation was rejected by the current Minister Committee, and it is not clear if the
company will present the environmental evaluation again. The environmental evaluation of the
transmission line has not been presented yet.

Figures 2 and 3 show that natural gas was one of the main energy sources between 2000 and 2006.
Most of the natural gas was imported from Argentina, however this supply experienced many
shortfalls. To overcome this energy problem in Chile, two Liquid Natural Gas (LNG) terminals were
built: Mejillones and Quintero. The first began to operate in 2009. However, it is currently operating
below its maximum capacity due to the high price of LNG in comparison to electricity generation from
coal (see Figure 3). In the case of the Quintero LNG terminal, it is operating at full capacity. Four
companies share ownership of this terminal: British Gas; the National Petroleum Company of Chile
(ENAP), which is a state refiner; Chilean Distributor for Natural Gas for Metropolitan Region
(METROGAS), and National Electricity Company (ENDESA), which is one of the biggest private
electricity generation companies in Chile. Apart from ENDESA, there are other companies which have
natural gas power plants (for example Nehuenco (785 MW) and Nueva Renca (305 MW)), however,
these do not have open access to the terminal. At times METROGAS or ENAP have sold gas surpluses
to these companies, but at a high price. There are uncertainties about access to the terminal to get gas
at competitive prices or the access using their own terminal.

To evaluate the above uncertainties, a sensitivity analysis is proposed to manage the following
aspects: solar photovoltaic technology investment cost, projection for LNG prices, and potential use of
hydroelectric resources in the extreme south of Chile. Different baseline scenarios are built considering
these variables. Other uncertain sources could be included in this analysis but the focus of this work
has been limited to these in order to show the impact on the projection of GHG emission reduction and
macroeconomic results.

The main contributions of this paper are: to analyse the impact of the carbon tax at the Chilean
electricity sector using both a sectorial model and a DSGE model. A novel approach is proposed to
integrate results from the sectorial model and a DSGE model. This work shows that the effectiveness
of reducing GHG emission depends on some variables which could not be controlled by policy
makers. Finally, the carbon tax is compared to other energy policies and interesting results are found.
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The paper is organized in four sections. In Section 2 the methodological approach and
implementation are presented. Section 3 presents the results and analysis of the Chilean case. Finally,
in Section 4 the main conclusions are summarized.

2. Methodology
2.1. Overview Description

Figure 4 shows an overview of the approach to evaluate the carbon tax. A generation expansion
planning model is developed to project the installed capacity and electricity generation for the period
2013-2030. The models for industry, transport and commercial, public and residential (CPR) sectors
project the electricity demand which is an input for the generation expansion planning model. In this
iteration, the sectorial models are run considering a base value for the GDP projection and considering
a carbon tax applied to the electricity generation sector. The electricity price obtained from the
electricity generation sector, expressed at constant prices, is an input for the DSGE model. The new
electricity price projection is introduced in the DSGE model as a price shock. Then, the DSGE model
will estimate the effects on GDP path due to the electricity price shock.
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Figure 4. General description of the Chilean approach. The price of the electricity is output
of the sectorial model and is an input for the DSGE model.

The DSGE model, as its name indicates, is a general equilibrium model, which means that it takes
into account all interactions occurring among all the economic agents, who adjust their decisions
according to changes in relative prices. Under this framework, an increase in the relative price of
electricity encourages firms to substitute from electricity toward capital and labour, given the
technological possibilities, making the electricity demand in the DSGE endogenous. However,
this substitution is not perfect, but rather limited, given the complementarity of energy with capital and
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labour which negatively affects production possibilities. After the energy prices rise, the economy
must move to a new long-run equilibrium, with lower growth rates during the period of convergence.
The size and number of periods of lower GDP growth rates during the transition period will depend on
how big the increase in the electricity price due to the carbon tax is and how fast the tax is
implemented. If it is slightly and gradual, the GDP growth rate will be affected for a short time and not
significantly. Conversely, if the rise in the tax is stronger the GDP growth rate will be strongly affected
and for longer periods of time. When the economy gets back to the equilibrium, it will grow at rates
similar to those before the imposition of the tax rates. This is thanks to the exogenous improvements in
productivity and population growth. However, this growth will be based on a lower level, due to lower
growth rates occurred in the transition period. This will result in a permanent deviation of the GDP
level regard the baseline level (without tax). The approach proposed considers an iteration procedure,
where the new path of GDP is introduced into the sectoral models in order to estimate again a new
lower electricity demand. It is expected that with a lower demand, the emission projection would
reduce, as it is analysed in [32].

A limitation of this approach should be recognized. The literature review shows that both CGE and
DSGE models represent in a simplified manner the productive sectors of the economy. In particular
our DSGE model does not explicitly include an electricity generation sector; the electricity sector
works as an imported commodity which is sold to the economy at the prices given by the linkage with
the electricity generation sectorial model. In this context, electricity is the only energy factor included
in the DSGE model, which implies that the firms are not able to substitute electricity with another type of
fuel when they face electricity price increases. In this context, it is possible that the results might slightly
overestimate the negative impact on GDP growth rate due to the implementation of a carbon tax.

2.2. Generation Expansion Planning Model

The objective of this model is to determine the optimal combination of power generation to meet
the projected demand for the time horizon 2013-2030. We formulate the problem as if planning was
matched by a central or state government. The objective function is to minimize the capital costs in
new plants, the variable cost related to fuel consumption, variable cost associated to non-fuel
consumption, and the cost of unserved energy. In addition, the objective function includes a penalty for
the GHG emitted emissions:

Z Z ltPlt Z Z Atsb CltGltSb Al:sbfl:Ei Gitsb) (1)
(1+nr) (1+r) : 1+
where the optimization problem variables P;;(MW) is the additional installed capacity by year, and
G;:(MWh) is the electricity generation in the stage s and load block b of the year ¢. Every year is
divide into monthly (12) stages, and every stage is represented by five load blocks (the load duration
curve is divided into five blocks). A, 1s the duration of the load block b. I;; is the capital cost annuity
(US$/MW), C;; is the variable cost (fuel and non-fuel cost) (US$/MWh), E; (ton CO2/MWh) is the
emission factor for each kind of technology, f;(US$/ton CO2) is the carbon tax and r is the private

discount rate (10%). The factor f; will take the amount of 5, 10, 20, 30, 40, and 50 US$/tCOze between
2017 and 2030. The problem is subject to the following constraints:
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Energy balance between the electricity generations and demand. A multi-nodal formulation is
used to represent the interconnection between SIC and SING. The electricity demand is
exogenous in this model.

Upper and lower bounds on the electricity generation of power plants.

Maximum feasible amount of investment for each kind of technology that could happen in
a year.

Maximum feasible amount of investment for each kind of technology for the total period. The
potential installed capacity for hydroelectric run-of-river power plants is set according potential
projects which are currently under evaluation. In the case of geothermal energy, a conservative
expectative is assumed in comparison with previous works in Chile [33].

Quota obligation to renewable energy generation according to new renewable energy law
(20% by 2025).

Other assumptions:

Technical parameters of the electricity generation plants were obtained from the ISO webpages
of SIC [34] and SING [35]. The model represents 290 power plants.

Information regarding power plants which are being built was collected from reports published
by the National Regulatory Institution [36,37].

Hydroelectric-dam plants can regulate their generation during every stage. On the other hand,
hydraulic-run of river and small hydroelectric plants are not able to regulate their energy generation.
Minimum technical power is considered for coal and LNG power plants. This constraint avoids
starts up and shut down between blocks in the same stage. This constraint is included to avoid
infeasible solutions when high penetration of non-conventional renewable energy sources with
an intermitted generation (e.g., solar and wind generation) is introduced to the power system.
Minimum sizes for new power plants are considered. The minimum size for a coal, natural gas,
and hydroelectric power plant were 250 MW, 200 MW and 100 MW, respectively.

Investment costs for the first year were obtained from [36,37]. The cost projection is based on
growth rate used in [33]. The investment costs projection used in this work are in the Appendix.
Currently there is transmission project that will connect the two main power systems of Chile
(SINC and SING). It is supposed that the interconnection between SIC and SING will happen
by the year 2019.

The baseline scenario does not consider nuclear energy as an energy option.

2.3. Macroeconomic Model

A DSGE model calibrated for the Chilean economy is used for this exercise. This model is based on

a previous work by Medina and Soto [38,39]. Figure 5 represents the structure of the main agents

involved in the model.
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Figure 5. General description of DSGE model.

There is a continuum of households and different types of firms in the economy. Households live
infinitely, take decisions on consumption and savings, and set wages in a staggered way. There is a set
of firms that produce differentiated varieties of tradable intermediate goods using labour and capital.
They have monopoly power over the varieties they produce and set prices in a staggered way. Another
set of firms are importers that distribute domestically different varieties of foreign intermediate
varieties. These firms have monopoly power over the varieties they distribute, and also set prices in a
staggered fashion. Setting wages and prices in a staggered way to the equilibrium price is an
assumption used by previous macroeconomic literature [40—42] which implies introducing of prices
rigidities in order to model the gradual adjustment of the economy to shocks. These firms have
monopoly power over the varieties they distribute, and also set prices in a staggered fashion. There is a
third single firm that produces a commodity good which is completely exported abroad. This firm has
no market power in the international market price. Production by this firm is exogenously determined
and requires no inputs. Its revenues are owned by the government and by foreign investors. Domestic
and foreign intermediate varieties are used to assemble two final goods: home and foreign goods.
Electricity is included in the foreign goods, which is sold in the domestic economy at a given price
determined by the exogenous electricity generation model. These two final goods are combined into a
bundle consumed by households, another bundle consumed by the government and a third bundle that
corresponds to new capital goods that are accumulated to increase the capital stock.

A previous DSGE model [38] for the Chilean economy was adapted in this paper. The optimization
problem of the firms consists in maximizing the total income less the cost:

MaxY X P, —L X P, - KX P, —E X Pg (2)
where Y is the production of the firm, K is the capital, L is number of employees, E is the electricity

consumption of the firm, P, is the price of the production, P, is the salary, Py is the price of the capital,

and Py is the price of the electricity. The production function can be expressed as:

e-1 &-1

Y = A1 - DKL) T +y(E) ) e (3)
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The elasticity € was calibrated by using the historical data of the National Energy Balance from
1990 to 2012. An energy price index is estimated using historical data of fossil fuel primary sources

Ee = z o E; 4)

In the last equation E; is the total energy from fossil fuels sources resulting from the sum of each *;”
energy source E; weighted by of their relative prices (o). The elasticity of substitution ¢ is calibrated

(coal, diesel, and natural gas):

using historical data of E;. This is a strong assumption, which means that the only energy input used in
the economy is electricity. This assumption allows estimating with the DSGE model the effect of the
carbon tax imposed using the electricity generation model.

Moreover, the share of the energy by the total output of the economy would be modified with the
productivity according the indirect productivity of the expenditure of energy by output E;/GDP.
The electricity price obtained from the electricity generation sector for these different scenarios is an
input for the DSGE model. The following expression is used to calculate the increase in the price of
electricity (APE):

US$\ ACAPEX + AOPEX + TAX
APE = — _ (5)
MWh Ge/(1 + r)tini=t

t=tini
where ACAPEX corresponds to the present value of the variation of the capital expenditure (first term
of objective function in the Equation (1)) in power plants in comparison with the baseline scenario,
i.e., the case without carbon tax; AOPEX represents the variation of the operation expenditure (second
term of objective function in the Equation (1)), TAX is the carbon tax that the generation companies
should pay due to their GHG emissions (third term of objective function in the Equation (1)), G; is the
total electricity generation in the year ¢, fini is the starting year for the carbon tax application. ACAPE,
AOPEX, and TAX are outputs of the electricity generation model. Finally, r is the private discount rate
used in the electricity generation sector. It is assumed that the cost that electricity generation
companies will pay due to the carbon tax will be transferred to their customers. The discount rate used
in that equation the private discount rate and it is equal to 10%. This is the typical discount rate used in
the Chilean electricity sector which it is a near 100% a private sector. For example, the regulation of
the transmission system states that the annuity of the transmission asset is calculated with a discount
rate of 10%. Also, the electricity distribution regulation states a discount rate of 10% to calculate the
annuity of the investments. Consequently, the selected discount rate intends reflecting the decision
dynamic of the electricity. This approach implies a constant and permanent increase in the electricity
price after the carbon tax is imposed.

The price of electricity in the DSGE model presents the following autoregressive process of order 1:

PEt = PEt—l + St; €t~N(0, 02) (6)

Equation (6) works as the linkage between the electricity generation sectoral model and the DSGE.
This structure allows introducing the increase of electricity price resulting from the sectoral model into
the DSGE model as an electricity price shock.

The variance of the normal distribution (0?) is calibrated according to the historical data of
electricity prices. The simulation procedure seeks to replicate the new exogenous path of electricity
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prices, with a permanent increase due to carbon tax, using the shock €; of Equation (6) to mimic this
effect. More details of the model can be found in [38,39]. After changing energy prices the economy
must move to a new long-run equilibrium. The resulting steady state will show a shift in the growth
rates during the convergence period. Upon reaching the new steady state the economy will grow at similar
rates before imposing the tax because of the improvements in productivity and population growth, but this
growth will result in a lower GDP level due to lower growth rates in the transition period.

Regarding the implementation of the proposed analysis framework, the generation expansion
planning model was programmed in MATHPROG using a GLPK distribution [43] and solved by
CPLEX MIP solver [44]. The DSGE model was programmed using DYNARE and MATLAB [45].
The MIP problems were solved with a gap below 0.03%.

3. Case Study

The impacts of a carbon tax on the Chilean electricity generation sector are evaluated considering
six levels: 5, 10, 20, 30, 40, and 50 US$/tCOze. The carbon tax is applied between 2017 and 2030 to
both the SING and SIC power systems. For this exercise a simplification of the framework explained
in Section 2 will be used. In particular, there will be no iteration process from the new GDP path
estimated by the DSGE to the electricity generation model. Due to the lack of specific information,
scenarios with gradual carbon tax rate increases are not explored. Nevertheless, the effect of any
gradual implementation scheme should be within the observed overall simulation results.

For this simulation exercise several assumptions are made. An annual exogenous growth rate of
1.5% and 1.0% for productivity and employment is assumed, respectively. For every scenario we
assume that the convergence time of electricity prices to the new equilibrium is 12 quarters and
gradual increases will be linear. The current price of the original steady state energy is 105 US$/MWh.
This price does not include the distribution cost.

A sensitivity analysis is performed for three main parameters which are inputs for the optimization
problem (the reason for selecting these parameters was discussed in the Introduction Section):
projection of investment cost in solar photovoltaic (PV) technology, projection for LNG prices, and
potential use of hydroelectric resource in the extreme south of Chile, see Table 1. Considering these
uncertainties four scenarios are projected (see Table 2). We define these scenarios as baseline scenarios.

Table 1. Sensitivity analyses considering three sources of uncertainties.

Hydroelectric Resources in the
Extreme South of Chile
Case 1: No exploitation of additional

Solar Investment Cost LNG Prices

Case 1: Base situation Case 1: Base situation .
hydroelectric resources.

Case 2: More optimistic ~ Case 2: More optimistic LNG

projection of solar prices projection for power plants  Case 2: An additional potential of 2,750 MW
investment cost, which have not open access to of hydroelectric source is considered.

see Annex LNG terminal, see Annex
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Table 2. Evaluated scenarios built from the sources of uncertainties. These scenarios are
called baseline scenarios.

Solar LNG Exploit the Hydroelectric

Scenario “S” or Baseline Scenarios ) Resource in the Extreme
Investment cost Prices .
South of Chile

S1 (Baseline #1): Moderate Scenario in terms of

the development of solar investment cost

projection and LNG price. This scenario does not Case 1 Case 1 Case 1
consider the development of big hydroelectric

projects in the south of Chile.

S2 (Baseline #2): Equal to scenario 1 but more
optimistic regarding the solar investment Case 2 Case 1 Case 1
cost projection.

S3 (Baseline #3): Equal to scenario 1 but it
considers the development of big hydroelectric Case 1 Case 1 Case 2
projects in the south of Chile.

S4 (Baseline #4): Equal to scenario 1 but
more optimistic regarding the projection of Case 1 Case 2 Case 1
LNG prices.

3.1. Electricity Generation Sector Results

Figure 6 shows the GHG trajectory for the scenarios defined in Table 2. These scenarios are the
four baseline scenarios defined above (without carbon tax). The carbon tax is applied in every one of
these four scenarios. Figure 6 shows that the GHG trajectories are different due to the different
assumptions defined in Table 2. For example, the GHG emissions of Baseline #3 begin to fall from the
year 2022 in comparison to the other baseline scenarios. In this case it is supposed that the
hydroelectric generation potential of the Aysén region will be available from 2022. The planning
expansion solution obtained from the optimization model shows that 2,750 MW would be installed
between 2022 and 2026. This hydroelectric potential is not available in the other baselines scenarios (see
Tables 1 and 2). The electricity generation of hydroelectric power plants depends on the hydrological
conditions. In the model used in this paper a hydrological trend based on historical series, is supposed.
It means that, in the future, some years will be wet, others will be dry, and others will be normal.
It explains some ups and downs in the GHG emissions. For example, in the year 2024, the GHG
emissions grow due to the fact that this year is wetter than previous years. All the baselines scenarios
were evaluated with the same hydrological trend.
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= Baseline #1
Figure 6. GHG trajectory for different baseline scenarios (MM = million).

Figures 7-10 show the total GHG emissions (SING and SIC) for the baseline scenarios, in
comparison to different carbon tax levels (5-50 US$/tCOze). The results show that the emission
trajectory depends on the evaluated baseline scenario. In Scenario #1, from the year 2023 the results
show a big difference between a tax of 30 and 40 US$/tCO2. This is due to the fact that when the
carbon tax of 40 US$/tCO: is applied the coal technology is less competitive in comparison to the next
cheapest technology, in this case, solar energy. In 2023, the Levelized Cost of Energy (LCE) of coal
technology without carbon tax is 84 US$/MWh, and with a carbon tax of 10, 20, 30, and 40 US$/tCO2
are 92, 101, 109, and 118 US$/MWh, respectively, while the LCE of solar technology is 110 US$/MWh.
Therefore, with a carbon tax of 40 US$/tCOze the solar technology is cheaper than coal technology,
and then there are less GHG emissions. However, note that with a carbon tax of 30 US$/tCOze the
difference is very small. Probably a value higher than 30 and lower 40 would have the same result.
This is the reason why in Scenario #2 (in this case the solar investment cost is more optimistic) the
carbon tax of 30 US$/tCOze has a major impact. It is important to emphasize that the methodology
used an optimization problem with technical constraints of the system operation to project the
investment in new power plant, but, by simplification, we have calculated the LCE to give an
explanation of the big difference between 30 and 40 US$/tCOze.

MM tCO,e

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

5US$/tCO2 === 10 USS$/tCO2 20 US$/tCo2 30 US$/tCO2 40 US$/tCO2 === 50 US$S/tCO2

— Baseline #1

Figure 7. Emissions for baseline scenario #1 in comparison to different scenarios of
carbon tax (MM = million).
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Figure 8. Emissions for baseline scenario #2 in comparison to different scenarios of
carbon tax (MM = million).
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Figure 9. Emissions for baseline scenario #3 in comparison to different scenarios of
carbon tax (MM = million).
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Figure 10. Emissions for baseline scenario #4 in comparison to different scenarios of

carbon tax (MM = million).

In addition, different indicators are proposed to compare the impact of the carbon tax on the
electricity generation sector with the baseline scenario: OPEX, CAPEX, and carbon tax revenue.
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These indicators are expressed in present value and as deviation with respect to the baseline scenario.
The carbon tax revenue is the sum of the whole period. All the monetary values are expressed in
constant prices. Also cumulative emission reduction, annual average emission reduction, and average
increase of the electricity price at the national level are reported (see Table 3). The average increase of
the electricity price is calculated using Equation (5) and it is an output of the sectorial model.
It is supposed that the average increase of the price will be constant between 2017 and 2030.

Table 3. Resulting indicators to assess the impact of the carbon tax on the electricity
generation sector. These indicators are expressed in present value and as deviation with
respect baseline scenario. The negative values mean a reduction with respect to baseline
scenario (MM = million). OPEX, operational expenditure; CAPEX, capital expenditure.

Carbon tax Cumulative Average A Electricity
Unit Scenario Carbon tax A OPEX revenue A CAPEX A emission A Annual Emission Price
US$/tCO: MM US$ MM US$ MM US$ MM tCOze MM tCOze US$/MWh

5 —58.3 1168.8 57.8 -1.1 —0.1 2.1

10 -136.9 2288.3 178.9 -13.4 -1.0 4.2

S1 20 —644.1 4488.0 765.5 —25.0 -1.8 8.2
30 —970.5 6581.5 1226.8 -40.9 2.9 12.2

40 —2039.0 7644.0 33143 —139.8 —10.0 15.9

50 —2906.1 9147.4 4564.2 -162.4 -11.6 19.3

5 —407.1 1085.5 430.9 -19.5 -1.4 2.0

10 —762.8 2109.8 837.5 —43.6 =3.1 3.9

S 20 —1807.3 3748.9 2228.8 —-118.9 —8.5 7.5
30 —2681.2 5328.4 3349.2 -150.3 -10.7 10.7

40 —126.9 6815.3 4051.9 —170.5 -12.2 13.8

50 -3692.1 8043.6 5044.7 -195.3 -13.9 16.8

5 —81.2 1054.0 93.6 -7.9 —0.6 1.9

10 —241.1 2095.5 265.6 -10.9 —0.8 3.8

20 —533.8 4112.1 624.6 —22.3 -1.6 7.5

53 30 -966.0 6023.8 1200.7 -36.0 —2.6 11.2
40 —1490.8 7500.5 2189.9 —76.5 —5.5 14.7

50 —2359.5 8919.6 3493.2 -104.4 -7.5 18.0

5 —106.3 1156.5 110.3 2.2 —0.2 2.1

10 —231.1 2300.6 248.6 =5.0 —0.4 4.1

20 —448.3 4534.2 5233 -15.7 -1.1 8.2

54 30 -973.0 6485.4 13454 —46.4 —-3.3 12.3
40 -2161.0 7686.1 3387.5 —130.5 93 159

50 —2753.9 9233.7 4338.8 -152.6 -10.9 19.3

The results of Table 3 show that as the carbon taxes go up, the electricity sector’s GHG emissions
come down. The operational costs also come down, while the total investment in new power plants
increases and the cost of electricity rises, relative to a business-as-usual scenario. The total investment
increases due the fact that more renewable energy sources are introduced which have higher
investment cost (US$/kW) than coal plants. The results show that the effectiveness of the carbon tax
depends on certain variables which are not controlled by policy makers. The highest emission
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reduction happens in Scenario 2. This is because the solar investment cost projection is more
optimistic, and the carbon tax promotes the introduction of new non-conventional renewable energy
sources to happen earlier in comparison to Scenario 1. On the contrary, the impact on the carbon tax is
low in Scenario 3. This is because this baseline scenario includes more hydroelectric sources than
Scenario 2, and then there is less thermoelectric generation with coal sources. In Scenario 4, there is
more electricity generation from LNG in comparison to Scenario 1 (and less with coal generation). The
electricity price increase is explained by two factors: the switch from new power plants emitting GHG
to sources that do not emit GHG, and by the tax the companies (operating and new) will pay for
emitting GHG gases. However, the main factor is the second, and it explains more than 85% of the
electricity price increase in all the cases (see carbon tax revenue of Table 3). The carbon tax of
5 US$/tCOze approved during 2014 in Chile would have a low impact on emission reduction. All the
scenarios have average emission reductions below 0.6 million tCOze, except for the case with
optimistic solar investment cost projection (1.4 million tCO2¢). In [2] a national Baseline Scenario for
all the sectors (transport, energy, forestry, waste, efc.) was projected for the period 2013-2030.
This reference shows that the total emission would vary between 110 and 125 million tCOze by 2020.
Then, the average emission reduction for a carbon tax of 5 US$/tCO2e would represent less than 1.4%
of emission reduction. Also for a tax of 10 and 20 US$/tCOze it would not have a big impact in terms
of reducing GHG emissions. For these levels of tax, the minimum emission reductions are 0.4 and
1.1 million tCOze, respectively. Table 4 summarizes the emission reduction range and the increase of
the price of electricity for different levels of carbon tax.

Table 4. A summary of the emission reduction and electricity price rise range of Table 3.
These values are compared with the baselines scenarios (without carbon tax).

Carbon Tax Level Average Annual Emission Reduction Increase of Price of Electricity Range
(US$/tCOze) Range (Million tCO»e) (US$/MWh)
5 [0.1, 1.4] [1.9,2.1]
10 [0.4,3.1] [3.8,4.2]
20 [1.1, 8.5] [7.5,8.2]
30 [2.6,10.7] [10.7,12.3]
40 [5.5,12.2] [13.8,15.9]
50 [7.5,13.9] [16.8,19.3]

3.2. Macroeconomic Results

The effect of taxing CO2 emissions in the electricity sector on the gross domestic product (GDP)
path is evaluated using the DSGE model described above. The electricity price rise observed in the
sectoral model is evaluated as a price shock in the DSGE model. Figure 11 shows the GDP changes for
the six CO2 tax scenarios in comparison to the baseline scenarios.
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Figure 11. Effect on the level of GDP (% over baseline deviations).

In all the cases a negative impact on GDP pathway is observed and it depends on the level of the
tax. For example, for a carbon tax of 5 US$/tCOze the maximum GDP reduction would be 0.4% by
2030. While for a carbon tax of 20 US$/tCOze the maximum GDP reduction would be between 1.6%
and 1.8% by 2030. Table 5 shows the equivalent average annual GDP growth rate observed after the
carbon tax is applied (for the period 2017-2030). For example, in the case of a tax of 5 US$/tCOze,
the GDP growth rate would be between 3.47% versus 3.5% in the baseline scenario, and in the case of
a tax of 20 US$/tCOze, the GDP growth rate would be between 3.37% and 3.38% versus 3.5% in the

baseline scenario.

Table 5. Impact of carbon tax on the annual GDP growth rate.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
GDP GDP GDP GDP GDP GDP GDP GDP
Carbon Tax
Growth  Growth Rate Growth  Growth Rate Growth Growth Rate Growth Growth Rate
(US$/tCO2e)
Rate Reduction Rate Reduction Rate Reduction Rate Reduction
(%) (%) (%) (%) (%) (%) (%) (%)
5 3.47% 0.03% 3.47% 0.03% 3.47% 0.03% 3.47% 0.03%
10 3.43% 0.07% 3.44% 0.06% 3.44% 0.06% 3.43% 0.07%
20 3.37% 0.13% 3.38% 0.12% 3.38% 0.12% 3.37% 0.13%
30 3.30% 0.20% 3.33% 0.17% 3.32% 0.18% 3.30% 0.20%
40 3.25% 0.25% 3.28% 0.22% 3.27% 0.23% 3.25% 0.25%
50 3.19% 0.31% 3.23% 0.27% 3.21% 0.29% 3.19% 0.31%

It is important to note this analysis is not considering recycling of the results (tax collection is not
reinvested in the economy), so the cases presented below can be considered as the worst case scenario
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(maximum negative effect) of this instrument over the GDP path. In addition, the emission reduction
of these cases could be higher if the fiscal revenue of the carbon tax supports the implementation of
mitigation actions or energy programs. However, in Chile these revenues are not necessary reallocated
for these purposes. In fact, the revenues of the carbon tax will be used to funded part of the new
tributary reform.

3.3. Comparison to Other Policies

The carbon tax is compared with other policies that stakeholders can apply in order to reduce GHG
emissions: introduction of non-conventional renewable energy sources and a sectorial cap. Currently
Chile has a non-conventional renewable energy (NCRE) law, based on a quota system, which states
that the 20% of energy sales has to be provided by NCRE sources by 2025. This law was approved in
2013 (a previous version of this law, approved in 2008, stated that 10% of energy sales had to be
provided by NCRE sources by 2024). We evaluated this potential increase up to 25% by 2030
(25/30 case) and 30% by 2030 (30/30 case). Table 6 shows the results of this evaluation.

The results show that a similar emission reduction can be obtained by increasing the NCRE quota,
but the impact on the electricity price would be lower in comparison to the carbon tax scenarios.
For example, for Scenario 1, the average annual emission reduction of the 25/30 case (1.0 million tCOze)
is similar to the emission reduction of 10 US$/tCOze carbon tax case, and the emission reduction of the
30/30 case (1.9 million tCOze) is similar to the emission reduction of 20 US$/tCOze carbon tax case
(1.8 million tCOze).

Table 6. Evaluation of a change to the current non-conventional renewable energy law.

Carbon Tax Cumulative Average A A Electricity
Unit A OPEX A CAPEX
. NCRE Case Revenue A Emission  Annual Emission Price
Scenario MMUSS MMUSS MMUSS MMtCOe  MMtCOx  USS/MWh
s1 25/30 —124.9 0.0 202.1 —-13.9 -1.0 0.1
30/30 —334.4 0.0 516.6 -27.2 -1.9 0.3
2 25/30 -91.9 0.0 101.8 —5.4 -0.4 0.0
30/30 —275.0 0.0 307.3 —20.6 -1.5 0.1
S3 25/30 —289.8 0.0 381.8 -13.2 -0.9 0.2
30/30 —349.3 0.0 570.7 —34.8 -2.5 0.4
S4 25/30 -177.5 0.0 249.1 -13.0 -0.9 0.1
30/30 —292.3 0.0 469.2 —28.0 —2.0 0.3

However, the electricity price increase is lower in both cases. In the first case the price of electricity
would increase 0.1 US$/MWh versus 4.2 US$/MWh in the carbon tax case, and the second it would
increase 0.3 US$/MWh versus 8.2 US$/MWh in the carbon tax case. Therefore, the impact on GDP
will be lower. In this work the economic instruments to implement an increase of the NCRE quota are
not analyzed. Currently, in Chile the introduction of renewable energy sources is financed by the
private sector. The effect of NCRE law modifications over the path of gross domestic product (GDP)
with respect to the baseline scenario is shown in the Figure 12.



Energies 2015, 8

0.00%
-0.01%
-0.02%
-0.03%
-0.04%
-0.05%
-0.06%
-0.07%
-0.08%

GDP deviation (%)

-0.09%
-0.10%

0.00%
-0.01%
-0.02%
-0.03%
-0.04%
-0.05%
-0.06%
-0.07%
-0.08%
-0.09%
-0.10%

GDP deviation (%)

2016

2016

2017
2018
2019
2020

Scenario S1

2021

wn
o
=]
~

2022
2023
2024

Scenario S4

=
~
=]
~

2017
2018
2019

2021

2022
2023

2026

2026
2027

2027

2028

2028
2029

2029

2030

2030

—25/30
——30/30

w—25/30
we30/30

GDP deviation (%)

0.00%

-0.01%
-0.02%
-0.03%
-0.04%
-0.05%
-0.06%
-0.07%
-0.08%
-0.09%
-0.10%

Scenario S3

2016
2017
2018
2019
2020

2021

2024
2026
2027
2028
2029

0
o
=]
~

2022
2023

2030

2693

—25/30
——30/30

Figure 12. Effect of NCRE law modifications on the level of GDP (% over baseline deviations).

In all the evaluated scenarios the GDP reduction is lower than 0.1% (Scenario S2 is not reported

due to the low impact on the GDP). Additionally, a sectorial cap in the electricity generation sector is

evaluated. The simulations were done considering an emission cap (maximum level of GHG emission)

equals to the emission trajectory when the carbon tax is applied. The cap is introduced in the

optimization problem as a constraint. The results of applying this cap are shown in Table 7.

Table 7. Indicators associated to the application of sectorial cap on the Chilean electricity

generation sector in the four scenarios (MM = million).

Carbon Tax Cumulative Average A A Electricity
Unit Cap A OPEX A CAPEX L. L. .
Scemario  Scenario Revenue A Emission  Annual Emission Price
MM US$S MM US$ MM US$ MM tCOze MM tCOze US$/MWh
Cap5 —58.7 0.0 62.4 -1.2 —0.1 0.0
Capl0 —149.3 0.0 189.2 -13.6 -1.0 0.1
51 Cap20 —622.0 0.0 745.7 -25.0 -1.8 0.2
Cap30 -932.2 0.0 1195.4 —40.9 -2.9 0.5
Cap40 —1999.6 0.0 3279.2 —139.8 —-10.0 23
Cap50 —2926.9 0.0 4590.0 -162.4 -11.6 3.0
Cap5 —459.2 0.0 488.0 -21.2 -1.5 0.1
Capl0 —857.4 0.0 955.9 —48.6 -3.5 0.2
<2 Cap20 —1916.3 0.0 2371.4 -125.2 -8.9 0.8
Cap30 —3121.5 0.0 4057.0 -170.9 -12.2 1.7
Cap40 —3708.9 0.0 5084.8 —195.6 -14.0 2.5
Cap50 —3741.6 0.0 5140.5 —197.0 —14.1 2.5
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Table 7. Cont.

Carbon Tax Cumulative Average A A Electricity
Unit Cap A OPEX A CAPEX L. . .
Scenario  Scemario Revenue A Emission  Annual Emission Price
MM US$ MM US$ MM US$ MM tCOze MM tCOze US$/MWh
Cap5 —60.0 0.0 75.4 -83 —0.6 0.0
Capl0 —236.1 0.0 261.9 -11.0 —0.8 0.0
Cap20 —-499.4 0.0 594.8 —22.5 -1.6 0.2
53 Cap30 —968.8 0.0 1201.2 -36.0 —2.6 0.4
Cap40 -1516.3 0.0 2209.5 =76.5 =55 1.2
Cap50 —2335.5 0.0 3470.8 -104.4 =7.5 2.0
Cap5 —104.3 0.0 107.8 2.4 —0.2 0.0
Capl0 —227.9 0.0 242.5 =53 -0.4 0.0
54 Cap20 —457.0 0.0 533.9 —15.7 -1.1 0.1
Cap30 9134 0.0 1286.7 —46.4 -33 0.7
Cap40 -2160.3 0.0 3388.9 —130.5 93 2.2
Cap50 —2738.0 0.0 4325.9 —152.6 -10.9 2.8
where:

Cap5: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 5 US$/tCOze is applied,

Cap10: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 10 US$/tCOze is applied;

Cap20: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 20 US$/tCOze is applied;

Cap30: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 30 US$/tCOze is applied;

Cap40: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 40 US$/tCOze is applied;

Cap50: in this case the emission cap is equal to the emission trajectory that we got when the
carbon tax of 50 US$/tCOze is applied.

Similar to the previous analysis, the results show that the same GHG emission reduction can be

obtained by applying a cap in comparison to the carbon tax scenarios, however, the price of electricity

would increase less than in the carbon tax cases. For example, in the Scenario 1, the Cap10 and Cap20

cases would increase the price of the electricity by 0.1 and 0.2 US$/MWh, respectively, versus 4.2 and

8.2 US$/MWh in the cases where the carbon tax is applied. The effect of the emission cap on the gross

domestic product (GDP) path with respect to the baseline scenario is shown in the Figure 13. In all the

scenarios the GDP reduction is lower than 1%, which is lower than the observed reductions in the

carbon tax scenarios.
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Figure 13. Effect of sectoral cap on the level of GDP (% over baseline deviations).
4. Conclusions

The economy-wide implications of a carbon tax applied on the Chilean electricity market were
successfully evaluated. A novel approach is proposed to integrate results from the electricity
generation model and a macroeconomic DSGE model. The results show that the carbon tax has a
negative impact on the GDP pathway, and the effectiveness of this policy, in the case of Chile,
depends on some variables which are not controlled by policy makers such as non-conventional
renewable energies investment cost projections, prices of LNG, and the exploitation of hydroelectric
resources. Therefore, it is recommended that different development scenarios be evaluated in order to
estimate the impact on GHG emission reduction of this policy. In a scenario with a carbon tax of
20 US$/tCOze, the annual average emission reduction would be between 1.1 and 9.1 million tCOze.
However, the price of the electricity (electricity generation level) would increase between 8.3 and
9.6 US$/MWh, which is equivalent to a 7.4% and 8.5% with respect to the current price of electricity.
This price shock decreases the annual GDP growth rate by a maximum value of 0.13%. It means that
the average yearly GDP growth rate will be 3.37% versus 3.5% in the baseline scenario. On the other
hand, alternative policies such as an increase to the quota of non-conventional renewable energy
sources and a sectorial cap were evaluated. The results show that the same emission reductions can be
achieved with these policies, but with a lower impact on the electricity price and the GDP pathway.
Future work considers extending the proposed approach including the theoretical behavior of the
iterative linkage between the two models (sectoral and DSGE) and the simulation of gradual tax

rate penetration.
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Annex

Figure 14 shows the investment costs in the power generation sector that were considered for the
preliminary calibration for the SIC and the SING.
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Figure 14. Investment cost (US$/kW).

Figure 15 shows the LNG prices projection considered in this paper.
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Figure 15. LNG prices projection. LNG 1 SIC and LNG 1 SING are the prices of LNG for
plants which have open access to the LNG terminal in SIC and SING, respectively. LNG 2
SIC and LNG 2 SING is the price for plant which have not open access to LNG terminal.
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