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Abstract: In this paper, we investigate potential pathways for achieving deep reductions in CO2

emissions by 2050 in the Chilean electric power system. We simulate the evolution of the power
system using a long-term planning model for policy analysis that identifies investments and operation
strategies to meet demand and CO2 emissions reductions at the lowest possible cost. The model
considers a simplified representation of the main transmission network and representative days
to simulate operations considering the variability of demand and renewable resources at different
geographical locations. We perform a scenario analysis assuming different ambitious renewable
energy and emission reduction targets by 2050. As observed in other studies, we show that the
incremental cost of reducing CO2 emissions without carbon capture or offset alternatives increases
significantly as the system approaches zero emissions. Indeed, the carbon tax is multiplied by a
factor of 4 to eliminate the last Mt of CO2 emissions, i.e., from 2000 to almost 8500 USD/tCO2 in 2050.
This result highlights the importance of implementing technology-neutral mechanisms that help
investors identify the most cost-efficient actions to reduce CO2 emissions. Our analysis shows that
Carbon Capture and Storage could permit to divide by more than two the total system cost of a 100%
renewable scenario. Furthermore, it also illustrates the importance of implementing economy-wide
carbon emissions policies that ensure that the incremental costs to reduce CO2 emissions are roughly
similar across different sectors of the economy.

Keywords: ETEM model; 100% renewable; net zero emission; carbon tax; carbon capture and storage

1. Introduction

Climate change has become one of the greatest challenges facing humanity due to
its potentially devastating effects. One of its triggers is the emissions of greenhouse gases
(GHG), of which almost 25% comes from the energy sector. It is therefore essential to limit
emissions and promote the development of clean energies to combat their most negative
effects. In this context, many countries have committed to significantly reducing their
emissions in the coming decades.

Among these countries, the Chilean government has committed to achieving a carbon-
free energy matrix by 2050. In this paper, we focus on the Chilean electricity sector
and investigate the optimal investment strategy and cost of achieving 100% renewable
electricity generation by 2050. Based on the capacity expansion and operations model
ETEM (Energy Technology Environment Model), we compute an optimal transition for
the Chilean electricity system towards a zero-emissions goal. We study the consequences
of a policy that restricts the electricity generation matrix only to renewable energies and
consider a generic alternative to meet the CO2 emissions target at a pre-specified cost
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per ton of CO2. While not modeled explicitly, this alternative emulates the option to
offset carbon emissions with some form of Carbon Capture and Sequestration technology.
The purpose of introducing this alternative is to understand how sensible the optimal
investment strategy is for the generation, transmission, and storage of assets compared to
some outside alternative to reduce CO2 emissions.

In the last decade, especially after COP21, in order to comply with environmental
commitments, countries around the world have established renewable participation targets
in the national energy matrix. Currently, different governments have designed roadmaps,
generally to the year 2050, to reduce the amount of greenhouse gas emissions and combat
climate change. However, as the share of renewable variable energy increases, there are con-
cerns about its economic viability, and about the ability of the grid to cope with intermittent
energy sources, which can put energy supply at risk. Many studies have concluded that
100% renewable policies will be very challenging considering that a complete restructuring
of the energy system would have to be carried out. In [1] an empirical analysis of the
political and economic factors that led countries to demand a highly renewable portfolio is
carried out, concluding that in general, policies with large renewable participation seem to
be driven more by political ideology and private interests than for the environmental and
labor benefits that this entails. In [2] a model of the TIMES family was applied to France
and they built contrasted scenarios, from 0% to 100% penetration of renewable energies
by 2050. Finally, they demonstrated that a high penetration of renewable energies would
require significant investments in new capacities and new option flexibility along with
imports and response to demand, and that the reliability of the electrical system is likely to
deteriorate if technologies dedicated to this issue are not installed. Regarding the stability
of the system, in [3], a case study in Germany established that it is likely to deteriorate due
to the penetration of renewable energy sources, so the study suggests establishing a limit for
the incorporation of variable renewable energies. Additionally, for 100% renewable energy
sources, it is concluded that the total cost of the system will increase by 30% compared to a
business-as-usual scenario.

Other studies present a more encouraging vision on the feasibility of a renewable
energy matrix. In [4], the authors indicate that using a Smart Energy System approach,
a 100% renewable energy system in Europe is technically possible without consuming an
unsustainable amount of bioenergy. This is due to the additional flexibility created by
connecting the electricity, heating, cooling and transport sectors to each other. Although the
total cost is 15% higher than BAU, it is offset by job creation. In [5], it is concluded that
to achieve a 100% renewable energy system in Colombia, the following conditions are
necessary: an incentive for renewable energies such as a fee for food, the complementarity
between renewable energy resources (eliminates the risk of blackout) and the existence of a
capacity mechanism to maintain investment in hydroelectric power plants (energy prices
are reduced, so a capacity mechanism is needed to attract new investment capacities).
In [6], a transition is outlined towards a 100% renewable energy supply in the Canary
Islands by 2050. They conclude that they must increase efforts to achieve greater energy
efficiency, for example, with the incorporation of electric vehicles, and the use of synthetic
hydrogen. Additionally, the model highlights the importance of network connections.
The study carried out in [7] evaluates the feasibility of a 100% renewable energy system
in Japan, where it was shown that the system was stable with the support of batteries.
According to the criteria of the authors of A comprehensive review of the feasibility of
100% renewable electrical systems, many studies of 100% renewable electrical systems
do not show sufficient technical feasibility. However, in [8], it is established that these
problems are easily addressed at low economic cost, without affecting the main conclusions
of the articles.

With respect to carbon capture and storage (CCS) technologies, many studies have
shown that, if commercially viable, CCS could greatly facilitate the decarbonization of
the entire economy, not just electricity systems. For example, [9] shows that reductions
in energy sector CO2 emissions achieved by investing in renewable technologies through
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increased storage generally provide better energy efficiency of the energy invested than
those of fossil fuel-based power plants with CCS. The authors first calculated the energy
return of inverted energy for coal and gas power plants under a variety of energy losses per
CCS, and then determined the contours energy efficiency of energy invested for scalable
distributable renewables for a variety of energy storage configurations. Finally, they com-
pared both returns. For a capture ratio of 90% and a capacity factor of 85%, the net energy
losses caused by CCS exceed the benefits it provides. In addition, they studied a 100%
renewable case with a hypothetical configuration for the year 2022, where PV and wind use
33%, and storage uses 67%. The results show that it is on par with the best estimates of CCS.
It should be noted that this study only analyzed one type of emission-neutral technology,
which is installed directly in the plants. In addition, they considered a 100% renewable
system with a portfolio of batteries, thermal, P2H and mechanical storage systems with
different sizes and usage patterns.

In [10], the authors evaluated the costs of reaching a 70% renewable energy target by
2050 in Chile, according to the goal announced by the government in 2017. This study
concludes that the increase in the participation of renewable energies in the Chilean energy
matrix since 2010 does not respond to state regulation, but rather is due to the great decrease
in the costs of solar and wind energy. Later, in [11], the effects of uncertain climate and
environmental policies on investments, costs, and carbon emissions in Chile are quantified
for the first time, taking investments in transmission and generation as a response to these
policies. Two models were used to find optimal infrastructure portfolios, one deterministic
and the other two-stage stochastic, with the option of modification once uncertainty is
reduced. Their results indicate that optimal portfolios will not be the same for all policy
scenarios and that credible and stable long-term regulations are essential to optimally
achieve environmental objectives. In the present paper, we study the techno-economic
viability of a 100% renewable energy objective and the sensitivity of results to some generic
alternative to offset carbon emissions at a pre-specified cost in achieving net-zero emissions,
but without considering long-term regulation aspects. Our analysis is concurrent with the
findings of the recent study conducted by the Chilean government [12], showing that due
to the incremental cost of reducing CO2 emissions, the availability of CCS technology will
play a key role in attaining zero-emission. To attain carbon neutrality, it concludes that 50%
of the 2050 emissions will be compensated mainly by afforestation and another 50% will be
captured by alternative mitigation options as detailed in [13].

The rest of the paper is organized as follows. In Section 2, we introduce the long-term
energy planning model ETEM, and we describe its calibration to the Chilean electricity
system. Section 3 is dedicated to the presentation and discussion of numerical results
for scenarios that assume different ambitious renewable energy and emissions reduction
targets in 2050. In Section 4, we conclude.

2. Methodology

To simulate and assess the future of the Chilean electricity system, we develop an ETEM-
Chile model that enables us to perform prospective and sensitivity analyses. In this section,
we present the logic of ETEM and describe its calibration to the Chilean power system.

2.1. ETEM Logic in Short

In its original version, ETEM is a multi-sector multi-energy technology-rich model
(See Figure 1) akin to the MARKAL/TIMES family of models. It was specifically de-
signed to analyze energy transition at regional/country level. The structure of the model
is inspired by [14–16], and is developed in the AMPL programming language. ETEM
explores efficient scenarios of capacity expansion, and flow of resources in the whole
energy system. For the present study, ETEM-Chile, a version of ETEM for Chile re-
stricted to power system representation and management, has been developed. Previously,
ETEM has been used in various studies. For example, it was applied to the French Midi-
Pyrénées Region to assess the impact of climate change [17] and to the Arc-Lémanique
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Region in Switzerland to analyze the possible role of Smart-grid integration on the en-
ergy system evolution [18]. More recently, ETEM was used in a study for the French
Energy Agency (ADEME) to model and analyze French non-interconnected power systems
(https://www.ademe.fr/vers-lautonomie-energetique-zni-zones-non-interconnectees, ac-
cessed on 1 January 2021), i.e., Guadeloupe, Martinique, Reunion Island, French Guiana,
Corsica and Mayotte, under energy autonomy and renewable objectives.
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Figure 1. ETEM Reference Energy System.

ETEM-Chile represents the Chilean transmission network and exogenously given
electricity demands are defined at each bus node. Capacities are attached to the differ-
ent bus nodes either as centralized production units or distributed generation along the
distribution network starting from the node. All technologies are defined as resource trans-
formers into electricity and are characterized by technical coefficients describing input and
output, efficiency, nodal potentials, date of availability (for new technologies), life duration,
etc. Economic parameters define investment, operation and maintenance costs for each
technology. Typically, ETEM-Chile simulates the development of an efficient power system
on a planning horizon, e.g., 2015–2050, divided into periods of 5 years. In each period,
one considers a few typical days (e.g., 8 days corresponding to weekday/weekend of the
four seasons). Each of these days is subdivided into hours to represent hourly load curves,
distribution of demand and resource availability in different seasons.

To deal with a possibly expensive transmission grid investment and its tradeoff
with distributed production, ETEM-Chile includes a linear DC equivalent power flow
model that allows computation of nodal marginal costs of electricity [19]. The scenarios
obtained with ETEM-Chile will thus propose an hourly optimal dispatch (for typical days)
of production units triggered by marginal cost pricing, the optimal location and timing of
the introduction of new capacities for power generation, the development of distributed
storage, reserve requirement and the investment in network reinforcement. In order to
adapt to possible variations in demand (in particular, peak demand) and to compensate
for the intermittency of variable renewable energies (e.g., wind turbines and solar energy),
reserve requirements are then modeled in ETEM-Chile as follows:

• Reserve for peak demand. At each timeslice, ETEM-Chile is informed of the average
demand to be satisfied and the range of maximum variations observed in the past over
this timeslice. ETEM-Chile then guarantees additional production and/or storage
capacities that can be mobilized to overcome these maximum demand variations.

https://www.ademe.fr/vers-lautonomie-energetique-zni-zones-non-interconnectees
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• Reserve for intermittency. At each timeslice, ETEM-Chile determines the proportion
of variable renewable production in the mix. Part of this variable production is then
covered by an additional reserve that can be mobilized quickly in the event of a sudden
loss of production. ETEM-Chile requires this reserve to be greater than a given ratio of
variable renewable output at each time-slice. In practice, one chooses a ratio between
50% and 100%. In our case study, we are using a ratio of 70%.

The objective function is thus to minimize the total discounted system cost that in-
cludes investment costs, maintenance costs, fixed and variable operating costs, and net
import costs. Economic interpretations of ETEM-Chile can be obtained through the analysis
of dual variables. In particular, the dual variables associated to the nodal supply/demand
balance constraints can be interpreted as the nodal marginal prices of electricity. In addi-
tion, CO2 emission constraints provide decision-makers with an indication of CO2 taxes to
implement in order to meet such emission objectives. Concretely, ETEM-Chile has a maxi-
mum emissions constraint per planning period that emulates a tradable permit certificate
mechanism. The dual variable associated with that constraint is the price of permits in
equilibrium. Under perfect competition, the price of tradable permits is also equivalent
to the carbon tax that would be required to reduce emissions to the level imposed by the
constraint. In the end, the numbers correspond to the taxes that would be necessary to
achieve the emissions targets. For interested readers, a detailed description of the ETEM
model is presented in [20].

2.2. Implementation of ETEM-Chile

ETEM-Chile was specifically developed to describe the Chilean power sector and
to assess its evolution under contrasting emission policies and objectives on the period
2020–2050. The model was mainly calibrated using publicly available data from a previous
analysis conducted by the Chilean Ministry of Energy, namely the PELP analysis [21].
The objective of the PELP was the modeling and development of energy scenarios for the
entire energy system that include long-term trends, along with the behavior of consumption
and future energy supply of the country. Calibrating our reference scenario on the PELP
will thus enable us to compare the systems produced by the Chilean Ministry of Energy
under official energy policies with the power systems that we obtain considering more
binding objectives. More precisely, we refer to the C scenario of [21], which corresponds to
a “business as usual” scenario with average hydrology, demands and costs assumptions.

As shown on Figure 2, ETEM-Chile models a simplified version of the National Electric
System (SEN), the main electrical systems in Chile, which has a 98.5% coverage of the
national population. It considers 9 transmission nodes and 8 representative transmission
lines, which were taken from [10].

For our analysis, we consider in ETEM-Chile 8 typical days corresponding to week-
day/weekend of the four seasons. They result from our analysis of historical demands over
the 2015–2019 period of the “Coordinador Electrico Nacional” (CEN) and from production
profiles of renewable energy sources, i.e., solar and wind sources, obtained from [10].
We found that the proposed time resolution provides us with a good proxy of the different
demand and generation profiles. Each typical day is decomposed in 24 h.

Table 1 gives the evolution of annual electricity demands from [21]. These demands
have been then distributed on typical days and at transmission buses in a manner consistent
with [10] and publicly available generation data from CEN. As expected, 50% of total
electricity demand is allocated at SIC Centro, the node with the highest population density.

As in [21], the projected energy costs remain constant over the entire planning horizon.
Coal remains at USD 7/GWh, natural gas at USD 27/GWh, fuel oil at USD 37/GWh,
biofuel at USD 40/GWh, and diesel at USD 56/GWh. In Table 2, we report total residual
capacities and potential for the different generation technologies.
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Table 1. Electricity demands obtained from (PELP [21]—scenario C)

2020 2025 2030 2035 2040 2045 2050

Demand (GWh) 78,950 91,548 102,271 111,333 129,694 143,294 158,614

Table 2. Residual capacity and potentials, in GW, for the different generation technologies.

Technologies Residual Capacity (GW) Additional Potential (GW)

Coal 5.21 0

LNG 4.60 8.35

Diesel 3.84 Not bounded

Biofuel 0.67 Not bounded

Geothermal 0.05 2.09

Hydro run-of-the-river 4.13 0.65

Hydro reservoir 3.44 0.54

Wind power 2.16 36.98

Solar PV 2.74 1439.00

Solar CSP - 553.00

Storage - Not bounded

Total 26.83 2045.00

Readers should note that all power plants in operation and under construction in 2019
were obtained from the CEN website and this was used to establish residual capacity by
technology and by region. Regarding coal-fired power plants, the “Zero Carbon Energy”
energy decarbonization plan proposed by the government in June 2019 was considered,
which establishes their shutdown by 2040. For photovoltaic, solar thermoelectric, hy-
draulic and wind energy, we worked with the data from the study "Energías Renovables en
Chile" (ERC), conducted by GIZ (Deutsche Gesellschaft für Internationale Zusammenarbeit)
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and the Ministry of Energy, which was published in 2014. For geothermal energy, work was
carried out on the data from the Geothermal Bureau report published in 2018. The invest-
ment costs of each technology and availability profiles are consistent with assumptions
given in [10,21].

2.3. Power System of the Reference Case

In this section, we present the results provided by ETEM-Chile for the reference case,
in which no constraints are imposed on the system except for the scheduled closure of
coal-fired power plants by 2035. The results obtained in terms of capacity and production
for the period 2020–2050 are very similar to those of scenario C of the PELP.

In Figure 3, we can see the evolution of the power system. In 2050, a total installed
generation capacity of 58 GW for a production of 167,059 GWh (including losses) is obtained.
We observe a high penetration of renewable energy, satisfying the significant demand
increase. Globally, solar and wind energy amounts to about 60% of the installed capacity
in 2050 mainly in the north and south of Chile. As shown in Table 3, this results in a total
reinforcement of approximately 4.3 GW spread over four transmission lines to allow for the
dispatch of electricity to the central region with highest demand. The removal of coal-fired
power plants is mainly compensated by gas-fired power plants.
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Table 3. Comparison of investment in transmission lines, in MW, for the reference scenario and 100% renewable scenario.
The last column shows existing capacities.

Transmission Line REF Expansion 100% R. Expansion Existing Capacity

SING Norte-SING Centro 228 49 473

SING Centro-SING Sur 1457 1487 691

SING Centro-SIC Centro Norte 0 0 1439

SIC Norte-SIC Centro Norte 33 0 715

SIC Centro Norte-SIC Centro 0 1559 1439

SIC Centro-SIC Ancoa 1884 2115 2806

SIC Ancoa-SIC Charrua 819 921 3479

SIC Charrua-SIC Sur 0 0 2028

It should be noted that in this scenario, the reserve is largely provided by the diesel
power plants, which are not used but still present, as well as by the hydroelectric reservoirs.
Figure 4 shows an abrupt emission drop from 2025 to 2035 due to scheduled withdrawal of
coal-fired power plants that are replaced by wind and solar energies. Then, the increase in
emissions from 2040 is mainly triggered by natural gas-based generation. The maximum
share of renewable energy generation is attained in 2040 with 84% of total electricity,
then falling to 79% in 2050.
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Figure 4. Emissions trend for the reference (REF) and the 100% renewable (100% R.) scenarios.

3. Results and Discussion

In this section, we study different pathways to achieve deep reductions in CO2 emis-
sions by 2050 in the Chilean electric power system. First, we study the effects of imposing
a 100% renewable policy on the electrical matrix by 2050. Then, we relax this stringent
objective allowing the system to emit between 1 to 7 Mt of CO2 in 2050. Finally, we compare
the 100% renewable policy with the option of having technologies that capture emissions
to achieve net-zero emissions.

3.1. Optimal Transition Study to 100% Renewable Generation by 2050

The impacts of a policy relying only on renewable energy generation to achieve zero
carbon dioxide emissions by 2050 are discussed below. Figure 4 shows the evolution of
emissions over the planning horizon for the reference case (REF) discussed above and the
100% renewable scenario.

The consequence of the emissions objective on installed capacity and electricity gener-
ation in 2050 is observed in Figure 5. The new system leads to a total discounted cost 13%
higher than the reference scenario one.
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Figure 5. Capacity and generation in 2050 of the reference and 100% renewable scenarios.

In the 100% renewable scenario, we observe that diesel and LNG plants are closed
and replaced mainly by wind, CSP and hydro generation which are considered more
economically attractive that PV panels. Indeed, although PV has slightly lower investment
and operating costs than wind, PV would need additional and costly investments in storage
capacities to transfer electricity during the day to be able to meet demand during night
hours. Nevertheless, solar (PV and CSP) and wind energies account for about 75% of total
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production. The reserve needed to compensate for intermittent production (PV, wind and
run-of-the-river hydro) is provided mainly by lithium batteries and hydro dams that are
able to rapidly increase their generation. Note that Geothermal penetration is limited by its
low potential.

As shown in Figure 6, wind farms are mainly installed in four transmission nodes,
i.e., SING_centro, SIC_Norte, SIC_CentroNorte and SIC_Centro. Indeed, wind farms
have different generation profiles among these different regions that make it possible
to mitigate global daily production variability. This is another advantage on PV panels,
which have very similar profiles across the different regions and that are located in the
North (SING_Centro and SING_Sur) and in the South (SIC_Sur and SIC_Charrua).

Energies 2021, 14, x FOR PEER REVIEW 9 of 17 
 

 

 
Figure 5. Capacity and generation in 2050 of the reference and 100% renewable scenarios. 

In the 100% renewable scenario, we observe that diesel and LNG plants are closed 
and replaced mainly by wind, CSP and hydro generation which are considered more eco-
nomically attractive that PV panels. Indeed, although PV has slightly lower investment 
and operating costs than wind, PV would need additional and costly investments in stor-
age capacities to transfer electricity during the day to be able to meet demand during night 
hours. Nevertheless, solar (PV and CSP) and wind energies account for about 75% of total 
production. The reserve needed to compensate for intermittent production (PV, wind and 
run-of-the-river hydro) is provided mainly by lithium batteries and hydro dams that are 
able to rapidly increase their generation. Note that Geothermal penetration is limited by 
its low potential. 

As shown in Figure 6, wind farms are mainly installed in four transmission nodes, 
i.e., SING_centro, SIC_Norte, SIC_CentroNorte and SIC_Centro. Indeed, wind farms have 
different generation profiles among these different regions that make it possible to miti-
gate global daily production variability. This is another advantage on PV panels, which 
have very similar profiles across the different regions and that are located in the North 
(SING_Centro and SING_Sur) and in the South (SIC_Sur and SIC_Charrua). 

 

 

 

 -

 20

 40

 60

REF 100% R

G
W

2050 capacity

0

50000

100000

150000

200000

REF 100% R

G
W

h

2050 generation

 LNG  Diesel  Biomass

 Geothermal  H Reservoir  H run-of-the-river

 Wind  Solar PV  Solar CSP

0
2
4
6
8

G
W

2015 capacity

0
2
4
6
8

10
12

G
W

2030 capacity

0
5000

10000
15000

2040 capacity

0
5

10
15

G
W

2050 capacity

Solar PV Solar CSP Wind Biomass
H run-of-the-river H Reservoir LNG Geothermal
Diesel Coal Battery

Figure 6. Evolution of installed capacities by region for the 100% renewable scenario.

Figure 7 shows the effect of the 100% renewable target on the generation for four
typical weekdays in 2050. Weekend load curves are very similar. We observe that hours
without solar availability are compensated mainly with CSP generation, which is charged
during the day and used at night. Autumn is the season when the battery is most used,
since there is less hydro generation than other seasons. In winter, wind generation is
sufficient to compensate for this deficit, but in autumn, biofuel generation must help to
supply the deficit.

The new spatial distribution of production assets imposes expansions of the trans-
mission power network, as displayed in Table 3, both in the reference case (4.4 GW) and
the 100% renewable scenario (6.1 GW). In both systems, electricity is produced mainly
in the North and the South of the country, while Santiago in the center remains the main
demand area.

Finally, Figure 8 illustrates the undiscounted carbon tax associated to the 100% re-
newable policy together with the emissions trajectory. We can see that although emis-
sions decrease linearly, taxes increase exponentially, from 1020 USD/tCO2 in 2045 to
8456 USD/tCO2 in 2050. Therefore, achieving 100% pollution-free generation is 8 times
more expensive than achieving 70% clean. While technically feasible, reducing the last
30% of emissions appears thus to be very difficult to implement due to potential societal
opposition.
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Figure 7. Load curves for a typical weekly day of each season in 2050, in the 100% renewable scenario.
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Figure 8. Emissions and taxes trajectory for the 100% renewable scenario.

As a comparison, Chile is currently implementing a fixed CO2 tax of 5 USD/tCO2,
which is projected to grow linearly until 2050 reaching 32.5 USD/tCO2. These conclusions
lead us to explore alternative pathways.

3.2. Impact of Relaxing Emissions Reduction Objectives

A sensitivity analysis was conducted to quantify the impact of relaxing the emissions
target on capacity, generation, total costs and carbon tax. For this purpose, we consider
four emissions targets by 2050, i.e., 1, 3, 5 and 7 MtCO2, respectively. The latter corresponds
to the minimum emission level observed in 2035 in the reference case.

Figure 9 shows the effect of the emission restrictions relaxation on the installed capacity
and power generation matrix in 2050 for the different scenarios. As the emissions target
increase, natural gas capacity decreases due to its CO2 emissions rate. It is replaced mainly
by CSP wind and run-of-river hydro production. Readers should note that unlike the
100% renewable scenario, the system is now allowed to use thermal plants (e.g., diesel and
natural gas) to provide reserve.

In Table 4, we observe that when approaching the 100% renewable matrix the sys-
tem costs and CO2 taxes are increasing dramatically. Indeed, the carbon tax is multi-
plied by a factor of 4 to eliminate the last Mt of CO2 emissions, i.e., from 2100 to almost
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8500 USD/tCO2 in 2050, partly due to the high level of reserve needed to compensate for
intermittent production. A similar result is obtained for the total system cost.
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Figure 9. Capacity and generation in 2050 for each emissions scenario.

Table 4. CO2 taxes in USD/CO2 and total system cost increase wrt REF case.

7 MtCO2 5 MtCO2 3 MtCO2 1 MtCO2 100% R.

CO2 Tax in 2050 561 675 1367 2100 8456

System cost wrt REF 1% 2% 4% 7% 13%

In practice, a policy that restricts generation to only clean energy is tough to achieve,
as it is tremendously expensive. A delta must be paid much more than its benefit, that is,
it is more expensive than what is really valued, which leads to a decrease in social benefit.
On the other hand, it could create a problem of incentives. Since it is a very ambitious
objective, it becomes not very credible, and companies do not have enough incentives
to make the relevant investments to achieve the objective. In the following, we study
the possibility of reaching a net-zero emissions regime based on CCS technologies as an
alternative to the 100% renewable target.

3.3. 100% Renewable vs. Net-Zero Emissions

In this section, we explore net-zero emissions pathways allowing the use of CCS.
In contrast with the 100% renewable scenario, the system can emit, as long as these emis-
sions are compensated with negative emissions from CCS activity. Moreover, the system
can now rely on fossil fuel plants for backup. Among such CCS technologies, one finds,
for example, afforestation, bioenergy with carbon capture and storage (BECCS), and direct
air carbon capture and storage (DACCS) with cost highly uncertain ranging from 20 to
USD 1000 per ton of CO2 removed [22–24]. Based on the estimates from the literature,
we perform a sensitivity analysis considering a cost of 50, 100, 200, 500 and 1000 USD/CO2.
Readers should note that, as CCS modelling is not the focus of this paper, CCS activity is
modeled though a slack variable with a unique average activity cost without considering
potentials for investment and sequestration for each specific CCS option. Although sim-
plistic, this approach allows us to perform a first the economic analysis of the potential
contribution of CCS in achieving ambitious emission reduction targets.

In Table 5, we summarize the results for the five net-zero emissions scenarios. As ex-
pected, the system takes full advantage of the CCS to maintain the use of fossil fuels
emitting up to 2.6 MtCO2 for the highest CCS cost of 1000 USD/tCO2. This permits to
divide by more than two the total system cost associated to the 100% renewable scenario.
By definition, the CO2 Tax in 2050 is limited to 1000 USD/tCO2. More generally, the ex-
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ponential increase in the CO2 taxes and total system costs when approaching the zero
emissions target confirms the complexity of reaching such a stringent target as discussed
above. On the other side, the 50 USD/CO2 scenario produces a system with performances
very similar to the reference case one in terms of installed capacities, CO2 emissions and
total cost.

Table 5. Detailed results for the net-zero emissions scenarios with CCS activity.

USD 50 USD 100 USD 200 USD 500 USD 1000 100% R.

CO2 Tax in 2050 50 100 200 500 1000 8456

System cost wrt REF +0.3% +1.0% +2.0% +4.2% +6.0% +13.0%

CO2 captures in 2050 (in Mt) 13.0 12.1 11.0 7.6 2.6 0

Total installed capacity wrt REF +0.3% +1.6% +2.0% +4.3% +6% +13.1%

Investments on trans-
-mission lines wrt REF +4% +9% +12% +28% +45% +39%

Figure 10 shows the installed capacity for the different scenarios. As carbon sequestra-
tion costs increase, so do the investment in solar CSP and geothermal technology, the latter
stabilizing at USD 200 per ton. At USD 1000, the decrease in natural gas is mainly offset
by solar CSP. As expected, by incorporating CCS technologies, investment in reservoir
hydraulics and storage technologies is lower than in the 100% renewable scenario.
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Figure 10. Capacity in MW of each technology, in 2050, for each cost of neutralizing emissions and
100% R. scenario.

Although CCS appears to be quite promising, it is important, however, to note the
limitations of such an analysis. In addition to the fact that the representation of CCS
is very simplified, one must realize that the CCS potential is finite, and its use will be
in competition with other sectors, such as industry or transportation in the more global
objectives of decarbonization of the Chilean economy.

3.4. Understanding the Impact of Demand Elasticity on the 100% Renewable Scenario

In order to test the robustness of our results, we study the effects of incorporating
demand elasticity as implemented in [25]. The objective is to estimate the possible adapta-
tion of demand patterns to the price evolution computed in the 100% renewable scenario.
In other words, this exercise will emulate a more complex model, which captures the
demand response of each household, smart meters, and smart charging of electric vehi-
cles, for example. For this purpose, linear equations of demand as a function of energy
price were included in the model with two levels of elasticity, i.e., −0.1 and −0.2. Then,
a Gauss-Seidel iteration method was applied as in [25] to find the equilibrium point.
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As expected, the total system cost is decreasing with demand elasticity, the demand
being more flexible. In comparison with the 100% renewable scenario, total cost decreases
by 4% and 5% for the two elasticity levels −0.1 and −0.2, respectively. The marginal cost of
electricity also decreases by 3% and 4%, respectively. These cost reductions are explained
by the fact that the demand can move to the hours when it is less expensive to produce
energy, in the daytime, for example, where there is cheap solar availability, as shown on
Figure 11. Indeed, demand decreases during the night and increases during the day, to take
advantage of PV-based generation. As autumn is the season with the highest prices due to
the low availability of solar and hydraulic power, the demand reduces globally. However,
there is still a significant shift in demand at midday.
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Figure 11. Demand curves for the different levels of elasticity.

On the other hand, during the peak hour, around 11 pm, quite a lot of battery power
was used. However, as the demand decreases during this time, thanks to the flexibility,
the need for storage decreases, and therefore the investment decreases, as shown in the
Figure 11.

Thus, we can see in Table 6 that higher elasticities lead to an increase in PV capacity,
as demand now has the capacity to adapt to its intermittent generation. This is com-
pensated by a reduction in the capacity of natural gas power plants and wind panels.
In addition, as mentioned above, investment in storage technology decreases, which causes
great savings.

In Table 7, we can observe that in addition to the move of demand to the cheapest
hours, total demand is globally higher that for the inelastic scenario. Therefore, when adapt-
ing the demand to the price, more energy can be produced while reducing total costs.
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Table 6. Variation in the capacity with respect to the inelastic case.

Technologies −0.1 −0.2

LNG −5% −9%

Wind −19% −20%

Solar PV 9% 12%

Solar CSP 4% −1%

Storage −37% −29%

Table 7. Total yearly demand, in GWh, for each level of elasticity.

Inelastic −0.1 −0.2

2030 102,271 102,717 103,687

2035 111,333 111,674 112,321

2040 129,694 130,018 130,444

2045 143,294 143,667 144,480

2050 158,614 159,383 161,096

Although changes in demand and costs are observed, they remain small in view of the
simulation results. Thus, the conclusion of the study remains valid, in particular in regard
to the difficulty to reach a 100% renewable mix and to the interest of CCS technologies.

4. Conclusions and Policy Implications

In the last decade, in many countries, policies based on a 100% renewable electricity
matrix have been popular to achieve a zero-emission target. In the present study, the linear
programming model ETEM was used, which optimizes the transition of the electrical
matrix, which under perfect competition is equivalent to an equilibrium model, to study
the effect of this policy on the Chilean national electricity system. The reference case was
calibrated on the scenario C of the PELP report.

By incorporating into the model a 100% renewable restriction to the year 2050, it was
observed that the price at which emission allowances must be traded in the market, or the
tax that the regulator should charge, is very high and somehow unrealistic. As a conse-
quence, it is much preferable to invest in CCS technologies, even at their highest price.
In this way, it is concluded that it is economically more viable to implement a zero-net
emissions policy rather than a 100% renewable one.

It should be noted that an important limit in this study is the uncertainty of many
parameters, such as, for example, the demand projections, the commodity costs, the in-
vestment costs in renewable/storage technologies and maybe more importantly the cost
and the effectiveness of CCS which should play a crucial role in the zero-emission ob-
jective. The uncertainty regarding availability profiles for variable renewable energies
is also very relevant in the context of climate change, since the availability profiles were
constructed with historical data, and it is possible that these will be totally different in 2050.
The same occurs with hydrology; in the present study it was modeled from simplified
form, with a daily resolution and only with average trend. Currently, hydrology already
changes significantly from one year to another, with dry and wet years, so it is likely that
in 2050 the estimated profiles will differ from reality. Thus, a series of questions arises, for
example, how much does the assumption of using 8 representative days for the 12,775 days
in the planning horizon affect the result? What would happen if the availability profiles
were constructed from 5 years of hourly generation data, instead of 1 year, as calculated
for most technologies, and how would the results change for dry and wet hydrology?
For future research, it is recommended to address uncertainty, since the effect of global
warming and climate change could change the optimal results. Stochastic programming
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and, more recently, robust optimization have been widely used to deal with uncertainty in
energy optimization models, which both have their advantages and drawback. Future re-
search would include, for example, extending and applying standard robust approaches
and distributional robust approaches proposed in [26,27] to the Chilean energy system.
The latter has the advantage of addressing the sensitivity problem posed by the distri-
bution functions of the uncertainty parameters, which are often poorly known, and thus
of producing more robust and stable strategic investment decisions with respect to these
uncertainty assumptions.
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