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A B S T R A C T

We use an Integrated Resource Planning model to assess the costs of meeting a 70% renewables target by
2050 in Chile. This model is equivalent to a long-term equilibrium in electricity and renewable energy certifi-
cate (REC) markets under perfect competition. We consider different scenarios of demand growth, resource
eligibility (e.g., large hydropower), and transmission system configuration. Our numerical results indicate
that the sole characteristics of the available renewable resources in the country and reductions in technol-
ogy costs will provide sufficient economic incentives for private investors to supply a fraction of renewables
larger than 70% for a broad range of scenarios, meaning that the proposed target will likely remain a sym-
bolic government effort. Increasing transmission capacity between the northern and central interconnected
systems could reduce total system cost by $400 million per year and increase the equilibrium share of non-
conventional renewable energy (NCRE) in the system from 45% to 52%, without the need for any additional
policy incentive. Surprisingly, imposing a 70% of NCRE by 2050 results in a REC price lower than the noncom-
pliance fine used for the current target of 20% of NCRE by 2025, the latter of which represents the country’s
maximum willingness to pay for the attributes of electricity supplied from NCRE resources.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Renewable Portfolio Standard (RPS) is one of the most widely
used regulations around the world to promote generation from
renewable energy resources. An RPS is an environmental policy that
requires load-serving entities (LSEs) and electric utilities to provide
a minimum fraction of their electricity using qualifiable renewable
energy technologies within a compliance period. Some implementa-
tions allow LSEs and utilities to fulfill their obligations using Renew-
able Energy Certificates (RECs), which are financial instruments that
represent the environmental attributes of the energy supplied from
renewable resources and that can be traded separately from the elec-
tricity itself. Depending on the design of the policy, utilities can be
allowed to comply with the renewable requirement using RECs that
were generated using renewable resources outside of the control
area of the RPS regulation.

There are several reasons why state and countries adopt RPS poli-
cies (Lyon and Yin, 2010). One of the most direct benefits that results
from increasing the share of renewables in a power system is the
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displacement of greenhouse and air pollutant emissions from fossil-
fueled power plants. Some countries, including Chile, also value the
benefit of reducing their dependence on imported fossil fuels. It
has been shown that renewables can also serve as physical hedges
against price variability in a generation portfolio (Jenkin et al., 2013;
Inzunza et al., 2016; Munoz et al., 2017. Additionally, RPS policies
have also been supported to stimulate local employment, although
there is little evidence of their effectiveness to accomplish this goal.

To date, more than 100 countries (REN21, 2015) and 49 states
in the US (DSIRE, 2015) have created either binding or voluntary
renewable targets. Despite their popularity, there are opposing views
regarding the effectiveness of RPSs as mechanisms to support increas-
ing investments in renewable energy technologies. Some empirical
studies conclude that there is a positive correlation between regions
with renewable targets and investments in renewable energy tech-
nologies (Lyon, 2016). They find that the magnitude of the correlation
depends on the stringency of the policy, the enforcement of non-
compliance penalties, the existence of flexibility measures (e.g.,
banking and borrowing of RECs), and the eligibility of RECs gener-
ated using resources outside of the control region (Wiser et al., 2007;
Carley, 2009; Yin and Powers, 2010). Based on these factors, an RPS
policy can be described as weak or strong, depending on how likely
it is to support the proposed share of renewable generation.
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A good example of a weak RPS design was the 30% renewable tar-
get enacted in 1999 in the state of Maine (Lyon, 2016). Interestingly,
at the time the policy was implemented, the share of generation
from eligible renewable energy resources was already higher than
30%, leaving no incentives to local generation firms to increase their
share of generation from renewables (Yin and Powers, 2010). The
RPS in the state of Texas is another example of a policy implemen-
tation that has virtually no impact on the market. To date, there are
more than 16 GW of wind capacity installed in the state (EIA-TX,
2016), which is 60% more than the state’s 10 GW renewables tar-
get by 2025 (DSIRE, 2015). It has been argued that it was the federal
production tax credit (PTC) of $23 per MWh and not the REC prices,
which are currently traded at values below $1 per MWh, that drove
these investments in renewables in the state (Trabish, 2015). There-
fore, there is inconclusive evidence that RPS policies are responsible
for investments in renewable energy technologies in the countries
or regions where they have been implemented. Yet, they are gaining
popularity outside of North America and Europe.

In South America, Chile was one of the first countries to enact
a binding renewable target. The current RPS mandate requires gen-
eration firms to supply a minimum of 9% of their electricity from
nonconventional renewable energy resources (NCRE) by 2017, with
increasing requirements of approximately 1% per year, up to a
final goal of 20% by 2025 (BNC, 2013). NCRE technologies include
solar, wind, geothermal, biomass, tidal energy, and all hydroelectric
power plants with an installed capacity smaller or equal to 20 MW.
The restriction on the eligibility of hydropower aims at incentiviz-
ing investments in renewable energy technologies other than large
hydro, which accounted for nearly 33% of the annual energy sales in
2015.

As shown in Fig. 1, the monthly amount of electricity generated
from qualifying renewable energy resources from January 2012 until
August 2016 has been far greater than the obligation. The effect of
this oversupply of renewables with respect to the minimum amount
required by the RPS policy has lead to a reduction of the average
price of the RECs from $9.7 per MWh in 2010 to $4.5 per MWh in
2015. Thus, it is arguable that the renewable policy has had little or
no impact on investment decisions given the small amount revenues
that NCRE technologies can collect from the sales of RECs. Instead,
it has been hypothesized that the increasing developments in new
NCRE technologies in Chile from 2010 up to this date have been
driven mainly by high electricity prices and important reductions in
the capital costs of solar and wind generation.

The government recently released the 2050 energy roadmap (ME,
2015) that sets policy guidelines for the next three decades. One

of the country’s goals is extending the current RPS policy of a 20%
share of NCRE by 2025 to a long-term goal of 70% of renewables
by 2050. Although a 70% long-term goal of renewables might seem
a large number, the proposed policy will be much less restrictive
than the current RPS design, which only considers NCRE as eligible
technologies. The 2050 energy roadmap proposes a 70% target that
will allow all hydropower, both existing and new, to count as an
eligible generation technology. To our best knowledge, there is no
study that has quantified the feasibility of reaching such renewable
target. Furthermore, it is not clear whether achieving this target will
require a binding renewable policy or not given the large share of
hydropower in the Chilean power system.

In this article we use an Integrated Resource Planning model to
quantify the economic effects of a 70% RPS target in Chile by 2050.
Under perfect competition this model is equivalent to the equilib-
rium of a set of private generation firms, which choose investments
in conventional and renewable energy technologies to maximize
profits for a representative year in the future. All firms that own
eligible generation technologies can earn additional revenues from
the sales of RECs, on top of the sales of electricity. Firms that only
own non-eligible generation technologies (e.g., coal- and natural gas-
fueled power plants) have to purchase RECs to fulfill the renewable
policy. We consider different scenarios that could change the long-
run market equilibrium, including demand growth, fuel prices, the
configuration of the power system, and the policy design. For system
configuration we focus on the potential scenario where the two main
power systems in Chile, the Northern (SING) and Central (SIC) Inter-
connected Systems, remain separate, with no transmission capacity
to exchange power between them. For policy design, we consider a
potential scenario where the proposed RPS is made much more strin-
gent and we assume that the 70% target by 2050 will incentivize only
NCRE technologies, excluding all large hydropower.

We organize the rest of the paper as follows. In Section 2 we
overview the relevant literature on equilibrium models of electric-
ity and REC markets. In Section 3 we present an Integrated Resource
Planning model that finds the optimal portfolio of investments
considering demand requirements, a renewable target, renewable
resource variability, and the flexibility of hydropower. In Section 4
we summarize the main characteristics of the two largest Chilean
power systems, the SIC and SING. We also describe our assumptions
regarding technology and fuel costs, resource variability, and system
configuration. In Section 5 we present results from a series of numer-
ical experiments. Here we estimate the annual cost of the renewable
target in 2050, the value of large hydroelectric power plants to ful-
fill the policy, and the effect of a strong interconnection between the

Fig. 1. Renewable obligation and generation from all eligible renewable energy technologies per month in Chile from January 2012 until August 2016. Adapted from Systep (2016).
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SING and the SIC. We also compute the value of the RECs for different
cost, policy, and system scenarios. Finally, in Section 6 we conclude
and provide some policy recommendations.

2. Literature review

Amundsen and Mortensen (2001) proposed one of the earliest
equilibrium models used to analyze the interactions between a green
certificate market and CO2 emission permits in Denmark. Using an
analytical approach, instead of a realistic model of the Danish elec-
tricity market, they show that an increase in the renewable target
will not necessarily lead to a higher share of renewables if demand is
elastic. Zhou et al. (2011) later proposed a bilevel model to study the
effect of different incentive policies for renewable generation in the
US. These include renewable targets, taxes, and subsidies to renew-
able generation. A more recent study that looks at the impact of RPS
policies on power systems using equilibrium models is in Lee (2014).
None of these studies has been used to study the long-term equilib-
rium of the Chilean electricity market considering the impact of an
RPS policy.

A few studies have highlighted the importance of considering
transmission constraints and costs when assessing the cost effec-
tiveness of RPS policies. For instance, Munoz et al. (2013) show that
disregarding transmission investment indivisibilities and Kirchhoff’s
Voltage Law—simplifications commonly used in models for policy
analysis—can actually bias investment portfolios and, ultimately,
policy recommendations. This is an important issue for systems
where the best renewable resources are far from load centers and
the existing transmission grid, such as wind resources in North and
South Dakota in and solar resources in Nevada and Arizona in the
US. However, if transmission costs are all paid by consumers and the
planning of new infrastructure is reactive to generation investments,
as it is in Chile, it is not clear if disregarding transmission constraints
could actually make a significant difference in long-term equilibrium
models.1

Optimal investments and compliance with RPSs can also be
affected by the eligibility of RECs produced using renewable
resources outside of the control area. Mozumder and Marathe (2004)
summarize the economic benefits and potential difficulties of inte-
grating REC markets in Europe and Australia. The authors in Perez et
al. (2016) show that more flexible RPS policies in the US WECC can
lower compliance costs with the renewable targets by 13.4% with
respect to a case where out-of-state RECs are not eligible to fulfill
in-state requirements. These savings take into account both trans-
mission and generation investments and operating costs. The Chilean
RPS design does not allow generators to use RECs produced outside of
the country to fulfill the policy, thus, REC trading is not an important
aspect of the policy to consider in the near term.

Finally, one last factor that can impact the performance of a
renewable policy is how the market is structured. Using a two-player
model, Pineda and Bock (2016) show that noncompliance penalties
have to be carefully selected in an electricity market that is not per-
fectly competitive, as it is in most cases. Tanaka and Chen (2013)
show that a dominant firm that does not own renewable generation
has an incentive to exercise market power to reduce the equilibrium
price of the RECs, which would ultimately lower its compliance cost.
Siddiqui et al. (2016) use a bi-level model to study the effect of an
RPS target on different market structures. Using a simple numerical

1 Transmission constraints are less likely to affect the conclusions of a capacity plan-
ning model if the transmission planner always builds enough transmission capacity
to accommodate any scenario of generation investments, aiming at eliminating trans-
mission congestion. As discussed in Munoz et al. (2014), this is a suboptimal planning
strategy. However, there is evidence that this planning philosophy has been used by
the Alberta System Operator.

example, they conclude that regulators might be setting RPS targets
too low compared to what it would be optimal if market power of
generation firms was taken into consideration.

3. An Integrated Resource Planning model for investments and
operations

In this section we describe the Integrated Resource Planning
model that we used to perform the economic analyses for different
scenarios of market and regulatory conditions in Chile. Under the
assumption of a perfectly competitive market in electricity and RECs,
as in Fischer (2010), the results from this model are equivalent to
the ones from an open-loop equilibrium model.2 This equivalence is
demonstrated in Tanaka and Chen (2013), but we offer an alternative
proof in Appendix A. We impose the renewable target on all gener-
ation firms in the market and assume that the policy does not allow
them to fulfill the regulation using RECs from areas outside the sys-
tem (e.g., unbundled RECs produced using renewable resources in
the US), trying to emulate the requirements and restrictions of the
Chilean RPS (Nasirov et al., 2015). This is in contrast to other equilib-
rium models focused on US markets, such as Chen and Wang (2013)
or Perez et al. (2016), where RPS requirements are enforced on LSEs,
not on generation firms.

Our assumption of perfect competition by 2050 is clearly a sim-
plification. Accounting for market power in the energy or certificate
markets would potentially result in a more realistic representation of
the actual market conditions and in potentially different conclusions.
For instance, Tanaka and Chen (2013) demonstrate that, depend-
ing on the type of dominant firm (renewable or nonrenewable),
investment outcomes in a concentrated market can be substantially
different than the ones expected under perfect competition. How-
ever, based on recent developments in Chile, we hypothesize that the
Chilean market will be much more competitive than in the past (i.e.,
without dominant firms that could behave strategically as in Tanaka
and Chen (2013)).3

Here we first introduce new notation to describe the capac-
ity planning model. We redefine all sets, indices, parameters, and
variables from the previous section.

Sets and indices
H Hours in a year, indexed by h
M Months in a year, indexed by m
H m Hours in month m, Hm ⊆ H
G All generation technologies, indexed by i
R Qualifying renewable generators, R ⊆ G
O Hydro generators with reservoirs, O ⊆ G

2 In Chile only generation firms can participate in the spot market. This means
that both industrial and residential customers, the latter represented by distribution
companies, can buy power only through PPAs that are awarded through competi-
tive auctions or bilateral agreements with generators. Therefore, the spot market is
only used by generation firms to settle imbalances between the actual and contracted
deliveries established in their PPAs (Green, 2005). Following Murphy and Smeers
(2005), we believe that the Chilean electricity market is more accurately represented
using an open-loop equilibrium model than a closed-loop one.

3 We acknowledge that the generation market in Chile has been historically con-
centrated and dominated by 3 major firms (Arellano, 2003). However, since the
enactment of the Renewable Portfolio Standard, several new power companies have
joined the market (see the monthly reports of new installed renewable generation
in CORFO (2016)). Furthermore, the last long-term energy auctions in October 2016
attracted 84 offers from different generation companies to supply a total of 12.4 TWh
annually, for the next 20 years (Bloomberg, 2016). Nearly two thirds of the offers came
from non-incumbent European generation firms, including Iberolica, Acciona Ener-
gia, and Mainstream. The auction resulted in long-term energy contracts awarded at
an average price of 47.6 $/MWh. This price is 40% lower than the average price that
resulted in the auction of 2015, where 31 different generation firms submitted offers,
and 60% lower than the average price in the auctions of 2013, where only 2 incumbent
firms submitted offers (LE, 2017; Reuters, 2016).
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Parameters
Dh Electricity demand [MW]
W ih Hourly availability factor for time-dependent generation

[%]
CC i Annualized capital cost of generation [$/MW-year]
MC i Marginal cost of generation [$/MWh]
X0

i Installed capacity [MW]
X i Resource limit [MW]
RPS Renewable requirement per year
HY D im Monthly water availability for generation [MWh]

Decision variables
xi Generation investment level [MW]
g ih Generation dispatch level [MW]

The objective of the optimization problem is to minimize the sum
of the annualized capital and operation costs for a representative
year in the future.

min
d,x,g

!

i∈I

CCixi +
!

i∈I

!

h∈H

MCigih (1)

Defining OCCi as the overnight capital cost of technology i per MW,
OMCi its annual operation and maintenance cost per MW, LTi its life-
time, and d the discount rate, we compute the net present capital cost
NPCi as follows:

NPCi = OCCi +
LT!

t=1

OMCi

(1 + d)t (2)

We then compute the annualized capital cost for each technology
as CCi = ai • NPCi, where ai is the factor ai = d

1−1/(1+d)LTi
. The

minimization of total system cost is subject to the following set of
constraints:

Supply and demand balance. We assume that all demand has to be
met using the available generation technologies on every hour.4

The Lagrange multiplier of this constraint defines the hourly price
of electricity Ph.

!

i∈G

gih = Dh (Ph) ∀h ∈ H (3)

Generation dispatch limits. We assume that all generation tech-
nologies are dispatchable and model resource (i.e., hydro, wind,
and solar) variability using hourly availability factors Wih from
historical data. For all generation technologies that do not depend
on resources for generation that present hourly variations (e.g.,
CTs, CCGTs, Coal), Wih = 1.

gih ≤ Wih

"
X0

i + xi

#
∀h ∈ H, ∀i ∈ G (4)

Generation build limits. We limit the construction of certain
technologies based on resource potentials.

xi ≤ Xi ∀i ∈ G (5)

4 Given the scale of the problem, an inequality constraint would have resulted in
a much simpler linear program. However, this would have allowed renewable gen-
erators to produce renewable energy certificates to meet the RPS constraint without
having to actually deliver the energy to consumers.

Hydro balance. Here we constrain the future aggregate monthly
generation

$
h∈Hm

gih to the observed historical monthly levels
HY Dim. This gives the model some flexibility to redistribute the
water depending on the system’s net demand. This approach is
a compromise between a fully detailed model that accounts for
uncertain seasonal water flows, reservoir size, and water delays
for cascaded reservoirs (e.g., Gil et al., 2015; Souza and Diniz,
2012) and a more simplified model that mirrors hourly historical
generation into the future (Munoz et al., 2014).

!

h∈Hm

gih ≤ HYDim ∀m ∈ M, ∀i ∈ O (6)

Renewable portfolio standard. As shown in the previous section,
this constraint is equivalent to requiring each generation firm
in the market to provide a minimum fraction of their supplied
energy using qualifying renewable energy technologies and the
freedom to trade RECs. The Lagrange multiplier of this constraint
is the REC price.

!

i∈R

!

h∈H

gih ≥ RPS
!

h∈H

Dh(REC) (7)

Nonnegativity.

dh, gih, xi ≥ 0 ∀h ∈ H, ∀i ∈ G (8)

4. Representation of the SIC and SING

We consider the two largest power systems in Chile: the Northern
Interconnected System (SING) and the Central Interconnected Sys-
tem (SIC). Table 1 shows installed and resource potentials for the 9
technologies considered in this study. We retrieved data of installed
capacity from the independent system operators of each system,
CDEC SING (SING, 2016) and CDEC SIC (SIC, 2016). For resource
potentials we utilize the estimates from a study commissioned by
the Chilean Department of Energy in 2014 (Santana et al., 2014). We
impose limits of 5000 MW on the development of new coal-, gas-,
or diesel-fueled power plants due to environmental restrictions.5

For solar generation we consider no limits on the construction
of new generators since the estimates of resource potentials for
this technology are orders of magnitude larger than for all other
resources.

For investment costs in Chile we utilize the values projected to
2050 in the Annual Technolgy Baseline of the National Renewable
Energy Laboratory (NREL, 2016). For annual operation and mainte-
nance (O&M) costs and expected service life for each technology we
use reference values from the Energy Information Administration
(EIA, 2013). These investment and O&M costs were later annualized
considering the lifetime of each technology.

We estimate operation costs for all existing power plants based
on the reported heat rate of conventional generators in SING (2016)

5 Developing new conventional power plants in Chile is becoming increasingly diffi-
cult due to the lack of social support for these technologies. However, we acknowledge
that imposing 5,000 MW build limits is rather arbitrary. We conducted a sensitiv-
ity analysis to ensure that this assumption did not drive our results. We found that
removing all generation build limits to conventional power plants results in only a
marginal increase in the capacity of CCGTs under equilibrium. The observed changes
do not affect any of our conclusions.
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Table 1
Installed capacity and resource potentials for new developments in the SIC and SING.
The symbol ∞ denotes unconstrained potential for new investments in the technol-
ogy. Resource potentials for Coal, CCGT, and Diesel are aggregates for the SING and the
SIC.

Installed capacity Resource potential

Technology SING [MW] SIC [MW] SING [MW] SIC [MW]

Biomass 0 613 0 2000
Coal 2100 2382
CCGT 2179 2925
Diesel 317 2362
Wind 90 807 2622 34,855
Hydro 0 3349 0 4521
Hydro RoR 0 2760 0 4293
Mini hydro 12 393.4 0 3658
Solar 150 454 ∞ ∞

and in SIC (2016). For all new power plants we use the heat rates
provided by the EIA in (EIA, 2013). We use reference prices for
coal, natural gas, and diesel from the CNE (2015). Table 2 shows
annualized investment and operating costs per technology.

We used reference demand, hydro, and renewables data from
year 2013. Hourly data for demand run-off-the-river hydro is avail-
able from SING (2016) and SIC (2016). For large hydroelectric power
plants with reservoirs we use the monthly levels from 2013 as a
reference for maximum monthly generation levels in 2050. We use
these values to define parameters HY Dim in constraint (6). We utilize
projections of demand growth from the country’s energy roadmap
Energía 2050 (ME, 2015). To model wind variability we use hourly
data for year 2013 generated using observed and modeled data
points from the Chilean Wind Energy Explorer (EE, 2015). Given the
current developments on wind projects, we consider one representa-
tive wind profile for the SING (Calama) and three for the SIC (Canela,
Llay-Llay, and Tolpan). We generated all wind data using the tech-
nical characteristics of an Acciona AW 82/1500 Class IIIb reference
wind generator with a height of 78 m. Similarly, we model solar vari-
ability using hourly solar data from the Chilean Solar Energy Explorer
(ES, 2015) for three different locations (Antofagasta, Santiago, and
Concepción). Table B.5 in the Appendix summarizes means, standard
deviations, and correlations for demand, wind, solar, and a sample of
hydro profiles.

There is one important concern that results from using historical
profiles in our investment model. In real operations wind speeds and
solar radiation present unpredictable daily variations that result in
deviations from the planned generation schedules for wind and solar
technologies. These variations result in higher needs for reserves

Table 2
Investment and operation cost for all generation technologies.

Investment Operation

Technology Cost Cost

[M USD/MW] [USD/MWh]

Biomass 3.40 7.2
Coal 3.20 52.9
CCGT 0.80 90.0
Diesel 0.60 190.0
Wind 1.60 0
Hydro 3.40 0
Mini hydro 3.20 0
Solar 0.90 0

to ensure frequency stability of the system. Additionally, the vari-
ability and forecast errors of wind and solar also lead to more
cycling and ramping of thermal units, which cause wear and tear of
these generation assets and the need for more frequent operation at
minimum load for spinning reserve provision (Hirth et al., 2015).6

In this research we indirectly account for forecast errors and
additional costs due to more cycling and ramping of thermal units
through balancing costs per MWh of generation from wind and solar
resources. There is a large number of studies that provide estimates
of balancing costs for these resources based on different methodolo-
gies (Carlsson, 2011; Hirth et al., 2015; Holttinen et al., 2011; Luckow
et al., 2015; Wu et al., 2015). Hirth et al. (2015) review a series of
studies and find that wind balancing costs are below $7.9 per MWh,
even at 40% wind penetration levels on thermal systems. At 40%
of wind penetration the average balancing cost across all reviewed
studies is $5.3 per MWh. The estimates for hydro systems (Norway
and Sweden) are under $2.6 per MWh (Carlsson, 2011; Holttinen et
al., 2011). In general, we observe that the estimates of balancing costs
of solar are lower than the ones for wind integration. Wu et al. (2015)
estimate that the average balancing cost for solar PV ranges from
$1.7 per MWh to $3.7 per MWh for a share of 18% of solar in the
system. Luckow et al. (2015) report solar integration costs ranging
from $1.5 per MWh to $6.3 per MWh, with an average of approx-
imately $3.4 per MWh for penetration levels between 0% and 30%.
They report a weak relationship between balancing costs and solar
penetration levels. In our simulations we assume a balancing cost
of $3 per MWh for wind and $1.5 per MWh for solar power, which
are slightly lower than the average estimates provided in the litera-
ture. We support our choice of balancing costs based on the following
assumptions. First, it is likely that Chile will maintain a relatively
large share of hydropower, which could result in balancing costs
closer to the ones reported in Carlsson (2011) and in Holttinen et
al. (2011) than in the rest of the studies. Second, we expect wind
and solar forecasting technologies in 2050 to be better than the ones
available today. Third, more sophisticated unit commitment and dis-
patch algorithms will result in more efficient scheduling of reserves
to backup renewables (Papavasiliou and Oren, 2013). All of these fea-
tures should result in lower balancing costs for wind and solar than
the current estimates reported in Hirth et al. (2015), Carlsson (2011),
Holttinen et al. (2011), Luckow et al. (2015), and Wu et al. (2015).

Finally, in our planning model we do not consider transmission
costs. It has been found that transmission costs could be significant
for renewable resources that are far from load centers and the exist-
ing transmission system, as it is the case of several renewable hubs in
the US (Munoz et al., 2014, 2013). However, the Chilean government
recently enacted a law that changes the old transmission pricing
scheme, based on congestion rents and wheeling fees, to a new one
that will assign 100% of the cost of all new transmission develop-
ments to consumers (BCN, 2016). This means that future generation
developments will not be charged any transmission cost, regardless

6 In addition, there are a series of issues that result from the “duck curve”, a term
that was coined at the California ISO as a result of daily curves of net load that resem-
ble the silhouette of a duck during days of high production of energy from renewable
energy resources, particularly solar generation (Denholm et al., 2015). The typical duck
curve is characterized by a quick drop of net load in the morning and a quick increase
of net load in the late afternoon, as the sun sets. Some of the issues related to the duck
curve include steep ramp events, risk of oversupply at times when solar or wind gen-
eration exceeds demand, and decreased frequency response due to fewer committed
generation units at times of high production of power from solar or wind. However,
the issues related to duck curve are less of a concern in the Chilean system given the
large amount of flexible hydroelectric generation with reservoirs. For more informa-
tion regarding the flexibility of hydropower and its value when combined with solar
or wind resources please refer to Bakken (1997), IEA (2012), and Hirth (2016a).
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of their location in the transmission grid.7 Under this scheme of
transmission charges, our model remains valid under the assumption
that the Chilean transmission planner will develop all the needed
transmission capacity to accommodate the portfolio of generation
investments identified using our equilibrium model.

5. Results

In this section we present results from a series of numeri-
cal experiments. We consider changes in the RPS design, demand
growth, fuel prices, and system configuration to assess the economic
cost of the renewable policy, the economic value of large hydropower
for the RPS, and the value of combining the SING and SIC into a
single integrated power system. Unless specified, for all scenarios
we assume the existence of a strong interconnection between the
SING and SIC, such that both systems can be modeled as an inte-
grated SING-SIC market with no transmission constraints on power
exchanges between systems.

We implement all models in the algebraic modeling language
AIMMS 4.19 and solve them using CPLEX with an academic software
license. The optimization model for the SING and SIC operating as
a single integrated system with hourly resolution for one year has
2.7 million variables and 2.9 million constraints. All experiments
were solved in a laptop with an Intel Core i7 processor @ 2.5 GHz and
8 GB of RAM. The average running time was 2 h.

5.1. Base Case scenario

For the Base Case we assume that a 70% RPS will be enforced by
2050, in line with the renewable target proposed in the country’s
energy roadmap Energía 2050 (ME, 2015). Under this scenario large
hydropower is considered an eligible renewable resource to fulfill
the renewable target.

Fig. 2 shows investments in generation per technology and sys-
tem by 2050 for the Base Case. With our assumptions, the solutions
from the model suggest that the most important developments in
new generation capacity come from solar and wind power, which
when combined represent nearly 67.8% of all capacity additions. The
remaining investments in new generation capacity come from run-
off-the-river and mini hydro (18.7% of total investments) and coal,
diesel, and CCGT (13.5% of total investments).

We find that most of the developments in new wind capacity
(79.1%) occur in the SIC, only a small fraction of investments in wind
farms are profitable in the SING (20.9%). This is a consequence of the
quality and diversity of the wind resources in the SIC (see Table B.5 in
the Appendix). However, our model predicts that the distribution of
investments in solar power is more equally distributed between the
SING and SIC. Of the aggregate developments in solar power, 55.6%
occur in the SING and 44.4% are profitable in the SIC.

Surprisingly, we find that in the Base Case more than 70% of
the total electricity demand for the SING and SIC is generated
using renewable resources. Fig. 3 shows the total shares of gen-
eration per technology for both systems. The aggregate amount of
energy supplied from eligible renewable technologies, including all
hydropower, is 78.8%. Since the optimal share of renewables is 8.8%

7 The goal of this law is to facilitate new investments in transmission infrastructure
that will reduce congestion in the system, increase competition by eliminating load
pockets and, most importantly, remove transmission-related barriers to the develop-
ment of new generation projects that are far away from the main load centers, such
as solar power in the Atacama Desert or wind power and small hydroelectric power
plants in the south. Under the new transmission pricing scheme, the REC price in 2050
will only reflect the incremental generation capital and operational cost of providing
an additional MWh of energy from qualifying renewable resources, disregarding any
incremental transmission cost.

Fig. 2. Generation investments per technology and system in the Base Case. The
total capacity additions are 11,740 MW for the SING, 29,629 MW for the SIC, and
41,369 MW in aggregate.

higher than the target relative to the total energy supply, the equi-
librium price of the RECs under this scenario is zero. This means that
energy prices provide sufficient revenues to cover investments and
operation costs for all generation technologies. Consequently, under
this scenario of economic conditions, the renewable policy provides
no additional incentives for developments in renewable generation.

5.2. Sensitivity analyses

We now consider a sensitivity analysis of our results with respect
to demand growth, fuel costs, system configuration, and the RPS
design. All of these sensitivities are studied individually, leaving all
the remaining parameters equal to the ones used in the Base Case sce-
nario. For demand and fuel costs we consider four sensitivities that
define the scenarios High Demand, Low Demand, High fuel, and Low
fuel. For system configuration we analyze the case where the SING
and SIC remain decoupled in 2050, as they operate today. This is the
opposite of the Base Case, where we assume that there will be enough
transmission capacity to export or import any amount of power from
the SING to the SIC. We refer to this scenario as No Interconnection.
Finally, we consider the potential scenario in which NCRE are the
only eligible technologies to meet the 70% RPS by 2050. In that case,
all large-scale hydropower becomes a non-eligible technology to
meet the renewable target. This is the Only NCRE scenario. Table 3
summarizes our results for all considered scenarios.

5.2.1. Demand growth
We consider the two scenarios of demand growth proposed in the

2050 energy roadmap ME (2015). The High Demand scenario assumes
high and sustained economic growth throughout 2050. Under this
scenario the annual demand of electricity for Chile is 12.4% higher
than in the Base Case. In contrast, the Low Demand scenario considers

Fig. 3. Share of total energy supply per technology and system in the Base Case. The
total energy supply for the SING and SIC combined is 178 TWh.
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Table 3
Share of renewables, share of non-conventional renewable energy (NCRE), investment
cost (IC), operation cost (OC), and total system cost (TC) per year, and REC prices for
all scenarios.

Scenario Share of Share of IC OC TC REC
renewables NCRE [$B-yr] [$B-yr] [$B-yr] [$/MWh]

Base case 79% 52% 5.5 2.8 8.3 0
High Demand 76% 53% 6.5 3.4 9.9 0
Low Demand 82% 49% 4.2 1.8 6.0 0
High Fuel Costs 83% 56% 6.1 2.7 8.8 0
Low Fuel Costs 70% 43% 4.3 2.5 6.8 11.5
No Interconnection 72% 45% 5.3 3.3 8.7 0
Only NCRE 86% 70% 6.8 2.0 8.8 34.6

the possibility of lower economic growth. This, combined with new
energy efficiency programs, results in an annual demand of electric-
ity that is 18.5% lower than in the Base Case. Table C.6 in the Appendix
summarizes the demand assumptions for each scenario.

Our results indicate that the total share of renewables, including
large hydropower, is larger than the 70% renewable target by 2050 in
all demand scenarios, which result in a zero REC price. As in the Base
Case, electricity prices provide sufficient revenues for eligible gener-
ation technologies to cover their operation and capital costs. Again,
the proposed RPS policy is not needed to attain shares of renewables
equal to or larger than 70% of the annual demand of electricity.

We find that the total share of renewables in Chile, including
large hydropower, is inversely proportional to the annual demand
of electricity. A 12.4% increase in electricity demand (High Demand)
reduces the total share of renewables from 79% to 76% with respect
to the Base Case. In turn, an 18.5% decrease in demand (Low Demand)
increases the total share of renewables from 79% to 82% with respect
to the Base Case. Interestingly, the share of NCRE is directly pro-
portional to the annual demand of electricity. In the High Demand
scenario the share of ERNC increases from 52% to 53% and in the
Low Demand it decreases from 52% to 49% with respect to the Base
Case. This behavior is mainly a result of reducing (or increasing)
the spillage of solar power in the High Demand (or Low Demand
scenarios), respectively, which increases (or decreases) the economic
value of this resource (see Table 4). However, this is not a gen-
eral result. A system with different demand, solar, and wind profiles
will not necessarily present the same behavior as a consequence of
changes in the demand of electricity.

5.2.2. Fuel costs
We consider two additional scenarios of fossil fuel costs based

on historical data from the National Energy Commission CNE (2015),
High Fuel Costs and Low Fuel Costs. Table C.7 in the Appendix summa-
rizes the cost assumptions for each scenario. We find that the optimal
share of renewables for the system is directly proportional to fuel
costs. In the High Fuel Costs scenario, the optimal share of renewables
increases from 79% to 83% and NCRE increase from 52% to 56%. In
the Low Fuel Costs scenario, the share of renewables decreases from
79% to 70% and NCRE increase from 52% to 43%. This is an intuitive
result, since higher fuel prices make conventional generation less
competitive in comparison to renewable energy technologies.

In contrast to our previous findings, a future scenario with low
fuel costs could reduce the economic value of renewables to the
point that electricity prices will not provide sufficient revenues to

Table 4
Spillage of wind and solar energy as a percentage of the total available energy per
resource for scenarios Low Demand, Base Case, and High Demand.

Low Demand Base Case High Demand

Wind spillage 10.4% 11.1% 10.0%
Solar spillage 1.6% 1.2% 0.9%

cover the operation and capital costs of generation technologies for
a 70% share of renewables. As we show in Table 3, in the Low Fuel
Costs scenario the RPS constraint is binding and the REC price is
$11.5 per MWh. Consequently, if projections of fossil fuel prices
remain low for the next three decades, the market itself will not pro-
vide enough economic incentives for renewables to supply a share of
70% of the total demand of electricity in 2050. In this case, a binding
RPS will be required to provide the desired share of renewables.

5.2.3. System configuration: the value of the SING-SIC interconnection
One aspect of the Chilean power system that could potentially

impact the amount of renewables that would be profitable by 2050 is
the amount of transmission capacity available between the SING and
the SIC. In all the previous scenarios we assume that the transmission
reinforcements that will be made by 2050 between the SING and SIC
will be large enough such that congestion will be almost negligible
between systems. However, in the scenario that such interconnec-
tion is not realized by 2050, energy transfers between the north and
south will be constrained.

Here we estimate an upper bound on the value of the SING-SIC
interconnection and its effect on the final share of renewables by
considering a scenario where both systems remain disconnected,
as they are today. Under this scenario, which we refer to as No
Interconnection, we assume that generation firms in the SING are
still allowed to exchange Renewable Energy Certificates with the
generation firms in the SIC. This is because the Renewable Portfolio
Standard is imposed at a national level, which allows generation
firms to trade unbundled certificates.

As we show in Table 3, under the No Interconnection scenario
the share of renewables decreases from 79% to 72% and the share
of NCRE decreases from 52% to 45% with respect to the Base Case.
A lack of transmission capacity between the SING and SIC affects
the economic value of renewables for the system in two different
ways. First, all hydroelectric power plants in Chile supply power to
the SIC. This means that in the No Interconnection scenario, none
of the solar or wind power in the SING can be balanced using
flexible hydropower from the SIC. It has been shown that flexi-
ble hydropower can increase the economic value of wind and solar
power (Hirth, 2016a). Second, the hourly profiles of solar, wind, and
hydro resources and electricity demands in the SING and SIC are not
perfectly correlated (see Table B.5 in the Appendix). The integration
of both systems into a single one allows renewable generators to mit-
igate the loss of economic value due to their variability through the
diversification of generation portfolios that combine resources from
the south and the north.

Fig. 4 shows hourly power flows from the SIC to the SING for the
Base Case. Note that neither the magnitude nor the direction of power
flows is seasonal, meaning that they are uncorrelated with seasonal
hydro inflows. Although the number of factors that determine the
magnitude and direction of power transfers between the SING and
SIC is large, we find that the variability of solar and wind generation
can explain a large fraction of the variance of power flows. The cor-
relation coefficients between power flows and aggregate solar and
wind generation are −0.9 and 0.4, respectively. This means that most
of the power transfers from the SING to the SIC occur at times when
there is plentiful availability of solar power, which is largely available
in the northern region.

Despite the negative effect of the No Interconnection scenario on
renewables, the share of these resources as a fraction of total demand
is still larger than the 70% long-term target proposed by the govern-
ment. Under equilibrium REC prices will be zero and, consequently, a
70% RPS policy by 2050 will not provide any economic incentives for
investments in renewable energy technologies if the interconnection
between the SING and SIC is not realized.

A lack of transmission capacity between the SING and SIC will
also have an impact on investment and operation costs. In the No
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Fig. 4. Hourly power flows from the SIC to the SING for year 2050 in the Base Case. The maximum power flow from the SIC to the SING is 5309 MW. The maximum power flow
from the SING to the SIC is 5262 MW.

Interconnection scenario, the annualized investment cost decreases
from $5.5 billion to $5.3 billion, but the operation cost increases from
$2.8 billion to $3.3 billion. The net effect is a 4.8% increase in total
system cost ($400 million per year, approximately) with respect to
the Base Case. Thus, the amount of transmission capacity between
the SING and SIC that will be needed to accommodate all power
exchanges in Base Case, without congestion, is justified only if it costs
less than $400 million per year.

Publicly-available information shows that the proposed intercon-
nection project between the SING and SIC will cost approximately
$700 million for 1500 MW of new transmission capacity. Assum-
ing a 5% interest rate and an approximate lifetime of 50 years for
transmission yields an equivalent annualized cost per MW of $0.026
million. Using this project as a reference for the cost of new trans-
mission capacity between the SING and SIC, a transmission line sized
to accommodate the maximum power exchange between these sys-
tems in the Base Case (5309 MW) would cost $138 million. Thus,
the economic benefits of an unconstrained transmission line ($400
million per year) outweigh the capital cost of 5309 MW of trans-
mission capacity ($138 million per year). It is important to highlight
that these economic benefits do not take into account the poten-
tial environmental and health benefits that result from a higher
penetration level of renewables in the Base Case compared to the
No Interconnection scenario. The quantification of these additional
benefits is beyond the scope of this article.

5.2.4. RPS design: eligibility of large hydropower
Finally, we quantify the economic implications of making large

hydropower a non-eligible technology to fulfill the 70% RPS by 2050.
To do so, we consider one last scenario that we refer to as Only NCRE.
Under this scenario only non-conventional renewable energy gener-
ation is eligible to fulfill the policy. As we show in Table 3, imposing
a 70% renewable target on NCRE would increase the total share of
renewables from 79% to 86% with respect to the Base Case, which is
the largest penetration of renewables for all the scenarios considered
in this study. Under this policy the market will supply just enough
generation from NCRE to fulfill the minimum amount required by
the policy, 70%, compared to 52% in the Base Case. More NCRE will
imply a higher investment cost, which will increase from $5.5 billion
per year to $6.8 billion per year. This rise in investment cost can be
explained by an 80% and 15% increase in investments in wind and

solar capacity, respectively, with respect to the Base Case. However,
since NCRE technologies have nearly zero marginal costs, operation
cost will decrease from $2.8 billion per year to $2.0 billion per year.
The net effect will be an increase of 6% of total system cost with
respect to the Base Case.

Under this scenario we expect to find a liquid market for renew-
able energy certificates, which, under equilibrium conditions, will be
priced at $34.6 per MWh. These sales of certificates will be a subsidy
for all NCRE technologies and a tax for all non-eligible technologies.
In Fig. 5 we show the total shares of revenues from the sales of
electricity and the sales or purchases of renewable certificates for all
generation technologies in the Only NCRE scenario.

Note that the costs and benefits that will result from the pur-
chases and sales of renewable energy certificates will be unevenly
distributed between generation technologies. Purchases of certifi-
cates will only represent a 33̇% of the electricity sales for Diesel
generators. In turn, coal, large hydro, and run-of-the-river hydro will
see their revenues from electricity sales reduced in more than 20%
as a consequence of the requirement to hold the equivalent of 70%
of their generation in renewable energy certificates. Solar genera-
tors will be the most benefited from the RPS policy: the sales of

Fig. 5. Annual revenues from the sale of electricity and net revenues from the sales
or purchases of renewables energy certificates for all technologies in the Only NCRE
scenario.
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certificates will allow them to collect an extra 42% of revenues, on
top of the sales of electricity. Wind, biomass, and mini hydroelec-
tric generators will also receive revenues from the sales of electricity
with certificates, but these additional revenues will represent less
than 17% of the total.

6. Conclusions and policy implications

Renewable Portfolio Standards are some of the most popular
renewable policies to incentivize investments and generation from
renewable energy resources. These policies are being increasingly
used in developing and middle-income countries. In this article we
used an Integrated Resource Planning model, which is equivalent to
a long-term equilibrium model under perfect competition, to study
the effect of a 70% renewable target in Chile by 2050. We considered
hourly resolution of demand levels and wind, solar, and hydro avail-
ability. We represented different available wind, solar, and hydro
resources through distinct resource profiles based on their location
in the country. Our model also captured some of the flexibility that
large hydroelectric power plants offer to the system by being able to
store water for periods when it provides the highest economic value
to the system.

Our first conclusion is that a 70% RPS policy by 2050 will provide
no incentives to renewable energy technologies since the equilib-
rium REC price will be zero. Our sensitivity analysis indicates that
this result is stable under several different scenarios of demand lev-
els, fuel prices, and system configuration. The only exception is a
scenario with low fuel costs, where there is a higher opportunity
cost of displacing conventional generation, making investments in
qualifying renewable energy technologies less profitable.

Surprisingly, our model indicates that it will still be profitable for
generation firms to supply 72% of the total electricity demand using
renewable resources even if the interconnection between the SING
and SIC is not completed. We find that an interconnection with a
large amount of transmission capacity will reduce total system cost
in nearly $400 million per year with respect to the No Interconnection
scenario, which is higher than the annualized cost of the transmis-
sion capacity needed to accommodate all power transfers between
the SIC and SING in the Base Case. In addition, the possibility of bal-
ancing the variability of solar and wind between the SIC and SING
could increase the equilibrium share of NCRE from 45% to 52% with-
out the need for any regulatory policy. This highlights the importance
of planning new transmission capacity between the SIC and SING
taking into account the positive externality that each additional MW
of transmission will have on the market value of renewables for the
power system in Chile.

As we mentioned it in the introduction, it is not uncommon for
renewable policies to fall short of how much it is actually profitable
for generation firms to provide from renewable energy resources.
This was the situation in 1999 in Maine and is the current scenario in
Chile and in Texas, where the price of the RECs is nearly zero. What
were these renewable policies enacted for then? One possibility is
that regulators in these jurisdictions did not perform a careful analy-
sis of the impact of these policies before they were enacted into law.
For those cases, our modeling framework could be used to determine
the level of investments in renewables that the electricity market
will support without any additional policy incentive, such as a RPS, a
carbon tax, or a feed-in tariff.

Since enacting a renewable policy into law, monitoring compli-
ance of generation firms, and implementing a REC market is costly,
implementing a RPS policy is only justifiable if it will result in REC
prices greater than zero for at least a fraction of the compliance
period of the policy. The REC compliance markets in the states of
Rhode Island, Washington D.C. and Connecticut have been quite suc-
cessful at accomplishing that goal. In all of these states RECs have

been traded at an average monthly price of $50 per MWh since 2012
(DOE, 2016). Empirical data shows that RPS policies with technology-
specific carve-outs provide even stronger economic incentives. For
instance, RECs produced using solar photovoltaic technologies have
traded for more than $400 per MWh since 2013 in the compli-
ance market of Washington D.C. Note that all of the revenues from
the sales of RECs are complementary to the revenues they can
obtain from power purchase agreements or in the spot markets for
electricity, therefore providing strong economic incentives in the
cases mentioned above.

Also, we find that imposing a 70% target of NCRE will result on
a binding renewable policy by 2050, with an equilibrium REC price
of $34.6 per MWh. Total cost under this scenario would increase
6% with respect to the Base Case, primarily as a result of a higher
investment cost in wind and solar capacity. It is beyond the scope
of this article to evaluate whether imposing such stringent target
will result in sufficient economic, environmental, and health bene-
fits to offset the 6% increase in total system cost. However, we want
to highlight that the marginal compliance cost of a 70% target of
NCRE is lower than the noncompliance fine—or alternative compli-
ance cost—of the current 20% target of NCRE by 2025, which is set
at approximately $40 per MWh. If this alternative compliance cost
represents the maximum willingness to pay of consumers for the
environmental attributes of NCRE technologies, then a 70% target of
NCRE by 2050 will be economically feasible for Chile. However, we
acknowledge that the noncompliance fine of the near-term renew-
able target is likely an arbitrary value set by the regulator and not a
result of a revealed preference study on consumers.8 More research
is needed to quantify all the economic and environmental benefits
of a binding 70% target of NCRE target in Chile. In the meantime,
the proposed target of a 70% of renewables by 2050, considering all
hydropower, will remain a symbolic government effort.

Naturally, our model relies on a series of assumptions that could
potentially affect our conclusions. The first one is perfect competi-
tion, which we justify based on the large number of participants dur-
ing the last long-term energy auctions in Chile (Bloomberg, 2016).
However, market power could be accounted for using more elaborate
single- or bi-level equilibrium models (Murphy and Smeers, 2005;
Tanaka and Chen, 2013).

The second one is how we account for balancing costs. Our
approach is rather simple and comparable to the ones used in other
models for policy analysis, including EMMA (Hirth, 2016b), SWITCH
(Nelson et al., 2012), or ReEDS (Short et al., 2011). One alternative
to improve this simplification is to perform a post-investment analy-
sis using a detailed production cost model (e.g., Diakov et al. (2015)).
This additional step could be used to get better estimates of balancing
costs by considering detailed features of generators such as ramping
limits, unit commitment variables and constraints (e.g., startup costs
and minimum up and down times), and reserves. Yet, such approach
would still ignore the effects of wind and solar forecast errors on
an hourly or daily basis since it would require user-defined levels of
reserves that will ultimately drive balancing costs. An ideal approach
to account for these errors is the one described in Pineda et al. (2016),
where the authors explicitly model both day-ahead and balancing
markets within an investment-planning model. They find that dis-
regarding these features can underestimate the needs for flexible
generation. However, we believe that this simplification is less of a
concern in power systems such as the Chilean one, where there is a
large amount of flexible hydro generation that can be used to com-
pensate for the variability and (short-term) uncertainty of wind and
solar resources.

8 See Mozumder et al. (2011) for an empirical study on consumers’ willingness to
pay for renewables in the southwest US.
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A third limitation is the deterministic nature of our analysis and,
consequently, ignoring risk aversion of private investors. As demon-
strated in Munoz et al. (2014), optimal transmission and generation
investment plans under uncertainty can differ from optimal port-
folios assuming perfect information about the future. Furthermore,
there is anecdotal evidence that investors are indeed risk averse.
Recent findings by Inzunza et al. (2016) for the Chilean power sys-
tem and by Munoz et al. (2017) for the US WECC suggest that more
risk aversion of private generation investors leads to higher shares
of renewables in power systems.9 Although these results are not
general, we hypothesize that accounting for risk aversion in our
model could yield even higher levels of investments in renewable
generation technologies than the ones that we report in our results.

Finally, as it was brought up by a reviewer, there is a poten-
tial upward bias of the demand projections used in this study. This
is because electricity demand is sensitive to prices in the long run
and the new transmission law will assign 100% of the cost of all
new developments to consumers. Recent estimates indicate that the
long-run elasticity for consumers in Chile is approximately −0.4
(Agostini et al., 2011; Benavente et al., 2005). If we assume that a)
consumers in 2050 will behave similarly to consumers today and b)
transmission charges in the future will be similar to the ones today,10

then consumers will pay approximately 5 $/MWh more than the
long-run price estimates of nearly 70 $/MWh from our simula-
tions (including scarcity components to recover investment costs).
Thus, an increase in the long-run average price for consumers from
70 $/MWh to 75 $/MWh due to transmission charges (7.1% increase)
would reduce demand by only 2.8%, which should not affect our
conclusions significantly.
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Appendix A. An Equilibrium Electricity Market Model with Trad-
able RECs

We assume that there is a set I of generation firms in the market, indexed
i, that can invest in conventional or in qualifying renewable generation tech-
nologies. Investment variables for conventional and renewable generation are
xi and yi, and generation dispatch variables per hour h 2 H are gih and rih,
respectively. Capital costs for conventional and renewable generation are de-
noted CCi and CRi and operating costs are MCCi and MCRi, respectively.
To keep notation compact, we define the function of total cost for firm i as
Ci(xi, yi, gi, ri) = CCixi+CRiyi+

P
h2H [MCCigih+MCRirih], where gi and

ri are the dispatch vectors for conventional and renewable generators, respec-
tively, for all hours h 2 H.

All generation firms in the market are required to supply a fraction RPS
of their energy using qualifying renewable energy resources rih. As a flexibility
measure, the regulator allows generation firms to freely trade Renewable Energy
Certificates (RECs) to fulfill the regulation. The variable ui denotes the net sales
of RECs for each firm. Note that ui > 0 for firms that sell a fraction of the
RECs that they generate with renewable resources and ui < 0 for firms that
purchase certificates from other generation firms in order to fulfill the renewable
target.

We assume that both the energy and certificate markets are perfectly com-
petitive, i.e. there is a large number of firms, perfect information, and no
barriers to entry. Additionally, we assume that all firms in the market choose
investments levels, generation dispatch for all hours, and net sales of certificates
simultaneously, which results in an open-loop equilibrium model. Firms are
paid the market price for the energy sales, denoted Ph, and the REC price for
the net sales of certificates, denoted REC.

The profit-maximization problem for each generation firm i in I is:12

max
x,y,g,r,u

X

h2H

Ph(gih + rih) +RECui � Ci(xi, yi, gi, ri) (A.1)

subject to gih  xi 8h 2 H (A.2)
rih  yi 8h 2 H (A.3)
X

h2H

rih � ui � RPS
X

h2H

(gih + rih) (A.4)

xi, yi, gih, rih � 0 8i 2 I, 8h 2 H (A.5)

If a firm produces a share of renewables higher than the minimum re-
quired by the policy, it will be able to sell a maximum of ui =

P
h2H rih �

RPS
P

h2H(gih + rih) certificates at the equilibrium price REC. In contrast,

12For a more detailed description of the investment problem faced by a firm present in a
market under different environmental policies (e.g., RPS, feed-in tariff, carbon cap-and-trade
program, or carbon tax), please refer to Careri et al. (2011).



if a generation firm does not generate enough energy from renewable energy
technologies to fulfill the target, it will be required to purchase a minimum of
ui = RPS

P
h2H(gih + rih) �

P
h2H rih certificates at the equilibrium price

REC.
We assume that demand for electricity is perfectly inelastic, but that cus-

tomers are willing to pay a maximum price of V OLL for a unit of energy.
Under this assumption, consumer surplus is

P
h2H(V OLL � Ph)Dh, assuming

that Ph  V OLL 8h 2 H.
The optimization problems of all agents in the market (i.e., generation firms

and consumers) are subject to two market clearing constraints. The first one
imposes that all the energy generated has to be equal to the demand for elec-
tricity in every hour. The Lagrange multiplier associated to this constraint is
equilibrium price of electricity Ph:

X

i2I

(gih + rih) = Dh 8h 2 H (Ph) (A.6)

The second market clearing constraint states that the sum of all sales has to
equal the sum of all purchases of certificates in the market. The Lagrange
multiplier of this constraint is the equilibrium price of certificates REC:

X

i2I

ui = 0 (REC) (A.7)

One alternative to compute market equilibrium of this problem is to for-
mulate it as a complementarity problem (Gabriel et al., 2012) and to solve it
using an specialized algorithm, such as the PATH solver (Dirkse and Ferris,
1995). However, since we assume that the market is perfectly competitive, we
can apply Paul Samuelson’s result (Samuelson, 1952) and to solve it as a single
optimization problem, where the objetive is to maximize the sum of consumers
and producers surplus, subject to constraints (A.2)-(A.5) and market clearing
conditions (A.6)-(A.7). We formulate the resulting optimization problem as
follows:

max
x,y,g,r,u

X

h2H

(V OLL� Ph)Dh +
X

i2I

✓ X

h2H

Ph(gih + rih)+

RECui � Ci(xi, yi, gi, ri)

◆
(A.8)

subject to constraints (A.2)� (A.5) 8i 2 I

constraints (A.6)� (A.7)

Note that objective function of this problem combines both primal and
dual variables. However, applying the market clearing conditions (A.6) and
(A.7) we can eliminate the following expressions from the objective function:P

h2H

�
PhDh �

P
i2I Ph(gih + rih)

�
= 0 and

P
i2I RECui = 0. The result-

ing objective function is
P

h2H V OLL · Dh �
P

i2I Ci(xi, yi, gi, ri). Since the



expression
P

h2H V OLL · Dh is a constant, it can be removed from the ob-
jective function without affecting the optimal solution of the problem. The
remaining optimization problem is the the maximization of the expression
�
P

i2I Ci(xi, yi, gi, ri), which we reformulate as a cost minimization problem.
Finally, it is worth noting that combining constraints (A.4) for all generators

and the second market clearing condition (A.7) results in a single market-wide
RPS constraint. Since firms are allowed to trade certificates and the certificate
market is perfectly competitive, the marginal cost of meeting the renewable
target will be the same for all firms and equal to the price of the certificates
due to the equimarginal principle.13 More specifically, if we denote �i the La-
grange multipliers of constraints (A.4) in the market optimization problem,
then �i = �j = REC 8i 6= j 2 I. Dualizing constraints (A.4) results in the

objective function
P

i2I Ci(xi, yi, gi, ri)+
P

i2I

✓
REC(RPS

P
h2H(gih+rih)�

P
h2H rih + ui)

◆
. Again, since the sum of the net sales of certificates is equal

to zero (market clearing condition (A.7)), the objective function is equivalent
to

P
i2I Ci(xi, yi, gi, ri)+REC(RPS

P
h2H

P
i2I(gih+rih)�

P
h2H

P
i2I rih).

Since the market is convex (i.e., linear program with continuous variables) the
strong duality theorem holds (Conejo et al., 2006) and the Lagrangian term
REC(RPS

P
h2H

P
i2I(gih+rih)�

P
h2H

P
i2I rih) can be expressed as a con-

straint. This leads to the following optimization problem:

min
x,y,g,r

X

i2I

Ci(xi, yi, gi, ri) (A.9)

subject to
X

i2I

(gih + rih) = Dh (Ph) 8h 2 H (A.10)

X

h2H

X

i2I

rih � RPS ·
X

h2H

Dh (REC) (A.11)

constraints (A.2), (A.3), and (A.5) 8i 2 I

This linear optimization program is equivalent to the Integrated Resource
Planning (IRP) problem faced by a central planner and can be solved using
off-the-shelf packages for linear programming (Hobbs, 1995). Note that here
we assumed that there no installed generation and that operations occurred
in a single period. However, the equivalence between the multi-agent market
problem and this optimization program, which we showed in this section, still
holds when accounting for these features.

13The equimarginal principle states that, in equilibrium, all generation firms will trade RECs
up to the point the marginal benefit they receive from exchanging one additional certificate
is equal for all agents in the market.



Appendix B. Time-dependent data

Table B.5 shows means, standard deviations, and correlations for demands,
wind, solar, and a sample of hydro profiles. Note the low correlation factor
between the demand profiles in the SING and SIC systems. This is explained
because a large fraction of demand for electricity in the SING comes from the
copper mines, which have consumption patterns that differ significantly from
residential ones in the SIC.

Table B.5: Means, standard deviations, and correlations for demand, wind, solar, and a sample
of hydro profiles.

! SING SIC Maria!Helena Llano!de!Llam. Santiago Tchamma Taltal Talinai Tolpan Alto!Hospicio Mayarauco El!Diuto Allipen Dongo Guayacan Rucatayo

SING 1
SIC .011 1

Maria!Helena C0.214 0.432 1
Llano!de!Llam. C0.187 0.448 0.921 1

Santiago C0.158 0.371 0.784 0.81 1
Tchamma C0.027 C0.026 0.048 0.021 0.091 1

Taltal C0.067 0.024 0.128 0.101 0.033 0.08 1
Talinai 0.158 0.051 C0.296 C0.297 C0.328 C0.076 C0.15 1
Tolpan .002 C.020 C0.027 C0.038 C0.031 C0.039 C0.08 .020 1

Alto!Hospicio 0.22 0.364 C0.136 C0.131 C0.128 C.007 C0.05 0.224 C.004 1
Mayarauco 0.207 0.089 0.09 0.155 0.191 C0.152 C0.34 0.088 0.141 0.022 1
El!Diuto C0.03 C0.089 0.028 0.027 0.077 C0.04 C0.04 C0.084 .019 C0.153 0.094 1
Allipen C0.088 C0.071 0.072 0.078 0.046 C0.037 0.037 C0.074 C.010 C0.122 C0.072 0.096 1
Dongo .020 C0.024 C0.057 C0.081 C0.097 0.124 0.208 C.015 C0.038 0.055 C0.338 C0.226 C0.032 1

Guayacan 0.283 .007 0.057 0.106 0.135 C0.082 C0.22 0.055 0.093 C0.028 0.664 0.091 C.019 C0.254 1
Rucatayo 0.121 C0.032 C0.068 C0.101 C0.134 0.145 0.242 0.09 C0.026 0.091 C0.391 C0.271 C.003 0.626 C0.338 1

5,142 15,177 0.298 0.303 0.171 0.330 0.315 0.312 0.326 0.134 0.597 0.739 0.747 0.689 0.791 0.755
251 1,954 0.348 0.361 0.250 0.335 0.390 0.383 0.332 0.231 0.247 0.342 0.362 0.226 0.220 0.220Std.!Dev.

Demand

Solar

Wind

Hydro

Demand!profiles Solar!profiles Wind!profiles Hydro!profiles

Mean

We also want to highlight the high correlation factors between solar profiles
in the north (Maria Elena and Llano de Llampos) and electricity demand in the
SIC. This partially explains the high investment levels in solar power in most
of the scenarios considered in this article, despite the lower capacity factors
compared to wind resources. These solar profiles also present synergies with
wind resources in Talinai (center) and Tolpan (south), reflected by the negative
correlation factors shown in the table.



Appendix C. Scenarios

Table C.6: Scenarios of annual electricity demand and fuel costs for 2050.

Scenario High Demand Base case Low Demand
Annual Electricity Demand [TWh] 200 178 145

Table C.7: Scenarios of fuel costs for 2050.

Scenario High fuel Base case Low fuel
Coal [$/ton] 158 120 80

Natural gas [$/MMBtu] 14.6 12.2 9.7
Oil B [$/m3] 969 630 290
Oil 6 [$/m3] 728 443 157
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