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This study calculates the LCOE (Levelized Cost of Energy) on the PSDA (Atacama Solar Platform) for a solar
esolar energy mix with the objective of evaluate new options for continuous energy delivery. LCOE was
calculated for three 50 MW (megawatt) power plants: A PV (photovoltaic), a CSP (concentrated solar
power) plant with 15 h TES (thermal energy storage) and a hybrid PV-CSP plant constituted with 20 MWp
of PV and 30 MW of CSP with 15 h TES. Calculations present two scenario projections (Blue Map and
Roadmap) until 2050 for each type of plant. Due to the huge solar resource available in northern Chile, the
PV-CSP hybrid plant results to be a feasible option for electricity generation, as well as being effectively
able to meet electricity demand proﬁle of the mining industry present in the area. This type of energy
could mitigate long-term energy costs for the heavy mining activity, as well as the country CO2 emissions.
Findings point out that PV-CSP plants are a feasible option able to contribute to the continuous delivery of
sustainable electricity in northern Chile. Moreover, this option can also contribute towards electricity
price stabilization, thus beneﬁting the mining industry, as well as reducing Chile's carbon footprint.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
The north of Chile has been bolstering its electricity consumption in the last 20 years due to new mining investments in the ﬁrst,
second and third region [1]. Economical pressures and population
growth have pushed government to look at cost effective options,
mainly those exploiting fossil fuel sources, to cope with the
increased demand for electricity in the northern Chile interconnected power system (called SING e Sistema Interconectado del
Norte Grande). New thermal power plants running on fossil fuel
sources were built because the generated electricity has lower cost
than other conventional technologies [1]. The SING's electricity
comes mainly from Coal and LNG (Liqueﬁed Natural Gas) sources
(approximately 90% of total electricity generation) [1]. This
dependence on fossil fuels has a great impact on the environment,
allowing the emission of many tons of CO2 each year into the atmosphere, causing the rise of environmental concerns and
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displeasure in the society that is increasingly aware of this issue.
Moreover, Chile is not a fossil energy producer; the country satisﬁes
its internal consumption based mainly on imported fuels [2]. It is
then dependent of international energy markets in order to secure
its needs, which makes Chile vulnerable against supply disruptions
and price volatility. The SING provides 90% of its electricity production to mining industry located in the northern regions, and
electricity price inﬂation has direct inﬂuence on their operation
costs affecting product selling prices and then consumers. It is
essential to build a safe and reliable energy matrix and to diversify
energy generation with the inclusion of clean and safe technologies
that take full advantage of the great potential of the natural resources in northern Chile. In addition, the Ministry of Energy and
Environment aims to regulate the CO2 emissions from the mining
industry since this sector is the main source of CO2 emissions in the
country [3]. In response, companies are developing various clean
energy generation technologies to meet their electricity demands.
The great amounts of CO2 emitted from the mining industry are
translated into great pollution taxes, and thus, it is important for
this industry to explore the current and future options for clean and
safe electricity [4,5].
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In order to meet future electricity demands with clean and
reliable energy, it is necessary to exploit the natural resources of the
country. Northern Chile, speciﬁcally the Atacama Desert, is known
as the most arid desert in the world and has the highest solar radiation ranging between 7 and 7.5 kWh/m2 daily [6e8]. DNI (Direct
Normal Irradiation) reaches approximately 3000 kWh/m2 per year,
meaning that it is an optimal location for the placement of solar
plants. Despite the high levels of radiation available in northern
Chile, solar power generation is variable and discontinuous, and
this means that it is not a dependable choice for end consumers.
Presently, the market offers different options to complement solar
plants and increase their productivity. TES (Thermal Energy Storage) allows CSP (Concentrating Solar Power) plants to increase
electricity production in a range between 3 and 17 h, making
generation more continuous and reliable. Another way to cope with
reduced or curtailed energy production when the sun sets or the
sky is cloudy is fuel back-up or hybridisation. Several sources show
that PV (photovoltaic) or CSP plants can produce electricity during
approximately 6e10 h per day without TES, and that they can be
coupled with conventional fossil fuel plants as back-up systems
when solar resource is unavailable, in order maintain a high capacity factor [6,8,9]. Even more recently studies have proven that is
possible make a continuous production of electricity implementing
SolareSolar plants [10,11]. PV and CSP can be integrated for reliable
production of electricity.
The paper presents an economic study on the feasibility of a
combination of PV-CSP solar plants in northern Chile with the
purpose of making a clean, secure and reliable Chilean energy
matrix. The ﬁrst approach calculates the LCOE (Levelized Cost of
Energy) for current PV and CSP technologies. The second approach
evaluates economically the LCOE for a hybrid Solar- Solar plant, PV
and CSP. Also, a projection of the LCOE for these plants was made in
order to show the current and future scenario of the solar energy in
the north of Chile.

2. Energy in Chile
The SING has an installed capacity of 4308 MW (megawatt), and
meets the demand of the ﬁrst, second and ﬁfteenth regions of Chile.
A growth of 6.5% is expected between 2012 and 2018, due to skyrocketing mining activity in the coming years [1]. The electricity
demand in the SING system is expected to reach about 5000 MW in
2020 [1]. The actual demand of SING is held by 90% of unregulated
customers, most of them mining companies, and the remaining 10%

Fig. 1. SING installed capacity per technology in 2014 [12].
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by regulated customers. The SING installed capacity is distributed
according to Fig. 1.
In order to secure energy supply, the SING electricity sector rely
heavily (97.2%) on coal, gas or oil-ﬁred power plants as shown in
Fig. 1. The Centre of Energy Discharge (CDEC-SING), an entity that
regulates the generation of energy in terms of the lowest marginal
cost has not allowed until now the exploitation of REs because their
energy costs are high in comparison with conventional energies.
The decision to meet power demands only with fossil energy has
kept electricity prices low, but has signiﬁcantly incremented CO2
emissions.
It is important to mention that northern Chile does not have
optimal conditions to install hydropower and cogeneration plants
due to the low amount of rain and snowmelt, suggesting that coal,
gas and diesel plants will remain in this region in the future.
However, this is not a sustainably viable solution for the future of
Chile, considering the environmental issues and CO2 emissions
related with the exploitation of fossil fuel sources. Moreover, it has
become crucial for the country to be able to provide adequate energy supplies in order to continue its economic growth. Hanel and
Escobar [2] have noted that it is of critical importance to ensure the
development of indigenous energy sources at a sufﬁcient rate such
as needed for the substitution of imported energy resources in
order to rapidly achieve energy security and a degree of energy
independence. Indeed, national energy debates and investments
into the country's energy security have been strengthened and
relying more on RE sources has become a target with the introduction of the law 20/25 (20% of RE by 2025), aiming also at taking
more control in the future over the increasing electricity cost.
Although RE systems are generally more expensive than traditional
fossil fuels, they are recognized for entailing lower environmental
and social impacts [13,14].
As seen in Table 1, solar energy is ﬁrst in the ranking for energy
projects in the country, reaching 1618 MW in qualiﬁcation and
2881 MW of permit approved in 2014. This shows also that investors are already interested in to exploiting the country's radiation, and solar is likely to provide large quantities of energy to the
system in the future.
3. Potential for solar plants in northern Chile
With some of the highest solar DNI (direct normal irradiance)
rates and clear sky indexes in the world, Chile presents a great
potential for solar power [9,16,17]. Therefore, political actors seriously started to take into consideration solar power a genuine
sustainable solution. Actually, solar energy development in Chile is
small, mostly focusing on water heating applications for the residential sector. The total contribution of solar energy to the primary
energy consumption of Chile is negligible [18]. However, the rise of
electricity cost [19] is driving industrial companies to consider selfgeneration or collaboration on solar projects [20].
CNE (Chile's National Energy Commission) says it is feasible to
connect up to 2.2 GW of solar PV plants to the national grid over the
next 15 years, in a newly published plan for the expansion of the
national transmission system, claiming that the investment price of
solar PV (photovoltaic) power plant is equivalent or lower to the
price of building coal generation plants [21e23]. As announced at
the PV Insider Latin America conference, as well as by the Deutsche
Bank, Chile is currently one of the most exciting markets for PV [24].
The photovoltaic industry in Chile has seen a considerable change
from 2013 to 2014 with a growth of 103% of PV plants in operation,
while the plants under construction has growth 184%, according to
the PV Insider report “PV industry roadmap in Chile 2014” [25].
The solar thermal power technology (i.e. CSP) presents also a
signiﬁcant potential for covering a large part of the electricity
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Table 1
Present and future generation projects in SING in 2014 [15].
Type of source

Solar
Liqueﬁed Natural Gas (LNG)
Wind
Coal
Diesel
Fuel oil n 6
Geothermic
Total

In certiﬁcation

Approved

Capacity (MW)

Investment (US$ million)

Capacity (MW)

Investment (US$ million)

1.618
1.300
140
0
0
0
0
3.058

6.019
1.158
345
0
0
0
0
7.522

2.881
0
1.592
1.770
207
216
50
6.717

9.944
0
3.373
3.500
340
302
180
17.639

demand [26]. This well developed technology is mostly established
in the United States and Spain, with market shares of 57% and 42%
respectively in 2013 [9], while in Chile it is still scarcely known. The
potential of CSP is greater than PV due to higher capacity factors
(with the use of TES systems). In 2012, Spain's based Ibereolica was
one of the ﬁrst companies to move to Chile and has received
environmental approval for its ﬁrst project, Termosolar Pedro de
Valdivia of 360 MW [27]. The company has also ﬁled the Environmental Impact Assessment for a second project also in Antofagasta
Region, Maria Elena, a 400 MW CSP complex to use tower technology with molten salt as heat transfer ﬂuid and thermal storage
medium [28]. It is only very recently that funding programs are
delivered to develop CSP plants in Chile [29,30]. For example in
January 2014, Chile's Ministry of Energy and public sector development agency Coporacion de Fomento de la Produccion (Corfo)
awarded Abengoa the contract to build a 110 MW (megawatt) CSP
plant in Antofagasta region. It is estimated that the plant would
avoid about 643,000 tons of CO2 emissions per year [31e33].
Fig. 2 presents the distribution of annual GHI (global horizontal
irradiation) in Chile [34]. The GHI (kWh/m2/year) is represented as
the yearly sum of DNI and DIF (direct normal and diffuse horizontal
irradiations) incident per unit area on a surface horizontal to the
ground.
ndez-Moro and Martínez-Duart [35] observed that PV
Herna
seems always more appropriate for areas located in middle to high
latitudes of the Earth, while CSP systems, preferably with thermal
storage incorporated, yield their best performance in arid areas
located at relatively low latitudes. This is explained because PV and
CSP technologies do not make the same use of the solar resource.
CSP technology uses only the direct radiation of the sun to
concentrate it, while PV uses both direct and diffuse irradiation.
Therefore, while projects of PV power plants will look at the global
irradiation value, CSP developers tend to consider the value of DNI
(Direct Normal Irradiance), since sun tracking systems allow concentrators to always be normally orientated towards the sun. The
low limit value of annual DNI for CSP plants to achieve economic
performance is generally set between 1900 kWh/m2 and
2000 kWh/m2 [36,37], although Purohit et al. [38] expects that in
near future locations with lower DNI values (over 1600 kWh/m2)
could also become ﬁnancially feasible with the development of new
technologies, advancement of materials, economy of scale,
manufacturing capability along with the enhanced policy measures
etc. In 2012, most of the CSP power plants are installed in the
Southwest of the United States and in the South of Spain, where
DNI values range from 2000 to 2850 kWh/m2/year [6,35,39,40]. In
the case of ﬁxed optimally-inclined south-oriented PV systems,
investors have set the boundary conditions for global irradiation
values from 1300 to 2300 kWh/m2/year and that include locations
with low direct radiation such as Germany [41e43].
The NREL model estimations of monthly average global horizontal solar radiation for four locations, representative of northern
Chile are shown in Fig. 3 [44]. As seen, the solar radiation peaks

during summertime at values close to 8 kWh/m2/day, with winter
minima nearing 3 kWh/m2/day.
As electricity production is directly dependent on solar irradiation available, similar trends of annual electricity production
would observed as those of radiation in Fig. 3. The solar electricity

Fig. 2. Global Horizontal Irradiation (GHI) in Chile [34].
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Fig. 3. Daily average GHI on monthly mean at selected locations, representative of northern Chile.

generation would be greater between the months of October and
March and lower between the months of April and September,
unless the solar plant is equipped with a fossil fuel back-up system
able to compensate during winter months. For PV generation, a
high inclination angle of the PV modules can be used to optimized
generation in winter, and thus minimize seasonal differences at one
particular location [10]. However, at equivalent plant speciﬁcations,
the electricity generation would be greater in locations where the
solar irradiation is higher, such as in Location 1 and 2 compared to
Location 3 and 4.
CSP plants have the possibility to be hybridized with the fossil
fuel to make the plant produce electricity for 24 h or/and can be
integrated with a storage system to store a part of the concentrated
heat during the day to generate electricity in the cloudy days or
when the sun sets in order to improve its thermal efﬁciency and
capacity factor and hence reduce the cost of the technology.
4. The different technologies to the mix
4.1. Conﬁgurations of the studied plants
Solar energy is unattractive to some investors because of its
lower capacity factor and higher electricity cost compared to conventional power plants. To make solar energy economically viable
and supply secure, it is necessary to increase the efﬁciency of the
plants. To do so, solar power requires storage (for load-balancing) to
cope with its output intermittency resulting from weather/seasonal
ﬂuctuations.
EES (Electrical energy storage) such as batteries represents an
effective solution to mitigate the imbalance associated to PV
plants [45]. A background on the development of various energy
storage options could be found in the Sandia National Laboratories
handbook [46]. They are available at various sizes from a few
kilowatts to hundreds of megawatts. Today, there are numerous
commercial batteries including lead-acid, lithium-ion, sodiumsulphur, nickel-cadmium, or vanadium redox ﬂow, each with
different characteristics including energy capacity cost, round trip
efﬁciency, depth of discharge, life, discharge duration, cycle frequency, energy/power density, environmental impact, etc.
[46e48]. However, in spite of the recent developments on EES
systems efﬁciency by the use of pulse width modulator inverters

[49] or by ultracapacitors [50], batteries still require further work
to improve their cycle life and thus reduce the overall costs [51,52].
According to Cervone et al. [53], only the lead-acid batteries can
reach a suitable level of cost effectiveness in utility scale applications, while lithium-ion, sodium-sulphur or ﬂow batteries still
remain unsuitable until their costs decrease. However, lead-acid
batteries have the disadvantages to be slow to charge, to have a
limited depth of discharge and a limited amount of charge/
discharge cycles [54]. EES are mainly used for off grid applications.
For large-scale grid-connected PV power plants, EES is not an
economically viable option. For these reasons, the integration of
EES to the PV plant system is not considered in the cost projection
analysis.
Regarding CSP technology, TES systems are an effective solution
to increase the plant capacity factor allowing electricity generation
for an extra 3e17 h a day. TES systems use molten salt, typically a
mixture of sodium and potassium nitrates (KNO3eNaNO3) which
melts at about 220  C [55], as a heat carrier and storage medium.
The capacity factor of a CSP plant is approximately 40% without
storage and 60% with TES [6,9]. The other option to increase the
capacity factor of CSP plants is to incorporate a back-up system that
can generate either electricity or the remaining thermal energy
required in order to reach the nominal power output of the steam
turbine in a continuous operation mode. The back-up system can
make the use of other energy sources, such as the conventional
fossil fuels, but also the wind, biomass, or the sun [8].
An accurate assessment of the energy resources available at the
plant location is important to select the most appropriate energy
mix that can provide continuous delivery. On the PSDA, the DNI
and GHI values are some of the highest of the world, thus making
hybrid PV-CSP plants an interesting option to investigate for this
location.
Three types of solar plants of 50 MW capacity each are included
in the analysis. Authors assumed a ﬁxed-angle PV power plant
without storage systems. The second plant is a parabolic trough
CSP system with 15 h of TES and the third one is a hybrid PV-CSP
plant enabling 24-h electricity generation composed with
20 MWp ﬁxed-angle PV and 30 MW parabolic trough CSP with
15 h of TES. In order to optimize the hybrid PV-CSP system output,
the plant is set to prioritize the generation of electricity from the
PV side when solar resource is available. During this time the CSP
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side is used to collect molten salt in order to produce electricity
later at night. For both the PV and the hybrid PV-CSP plants, the PV
collector area is constituted with south orientated monocrystalline silicon PV modules, inclined at the yearly optimum
inclination angle.

LR ¼ ð1  PRÞ

(4)

Therefore, the learning coefﬁcient can be calculated as follows:

logðLR  1Þ
b¼
logð2Þ

(5)

4.2. LCOE model
5. Simulation
ndez-Moro and Martínez-Duart [56], an
According to Herna
analytical model can be used for the projection of the LCOE of solar
technology. The LCOE is equal to the sum of all the cost incurring
during the lifetime of the project divided by the units of energy
produced during its lifetime [16,56]. For a precise LCOE projection
for CSP and PV, the most convenient approach is to use the lifendez-Moro and Martínezcycle cost method as given by Herna
Duart [35,56]. The LCOE of the solar plant installed in a year t can be
calculated using Equation (1) as follows:


1
0
P
Þ
C ðt Þ þ L þ Ti¼1 C ðt ÞðO&MþI
i
C
B
ð1þdÞ
C


LCOEðt Þ ¼ B
A
@
PT STFhð1DRÞi
i¼1

ð1þdÞ

(1)

i

where C(t) is the total installation cost of the system ($/W), L is the
land cost ($/W), O&M represent the operation and maintenance
costs (%), I the insurance costs (%), S stands for the solar Resource
(kWh/m2/year), TF is the tacking factor (%), h is the performance
factor (m2/W), DR the degradation rate (%), d the discount rate (%),
and T the estimated lifetime of the system (years). This expression
represents the LCOE for a one plant type per year of the projection.
The computational simulation was made in Matlab. The most
important variables used are C(t), S and h because they depend on
the plant location. The cost of the system at a certain time t, CðtÞ,
depends of the cumulative installed capacity at that time, qðtÞ, and
is deﬁned as following:


Cðt2 Þ ¼ Cðt1 Þ

qðt2 Þ
qðt1 Þ

b
(2)

The learning coefﬁcient, b, is related to the learning rate, LR, and
the progress ratio, PR, that reﬂects the advance of technology [57].
The learning rate and progress ratio are given by:

PR ¼ 2b

(3)

5.1. Calculating global parameters for PSDA
Several sources in the literature were consulted in order to
obtain precise initial values for annual CSP electricity production
and the cumulative installed capacity [9,36,58,59]. Fig. 4 shows the
global cumulative installed capacity between 1990 and 2014. It can
be observed that during the period between 2008 and 2014 the
global cumulative installed capacity increased rapidly, due to the
large number of technological improvements. This fact has helped
many international companies to increase their capital investments
in solar energy industry in different global locations [5]. Unlike CSP,
Fig. 5 shows that the cumulative installed capacity of PV has been
increasing from the year 2000 to the present. This trend is produced because of the early adoption of PV technology by the energy
industry and researchers.
A projection for global cumulative installed capacity and annual
production of electricity for the two technologies was made. At the
beginning of 2014 the cumulative installed capacity, qð0Þ, was
191 GW for PV systems and 3.93 GW for CSP systems, and it was
taken as a reference year for the projection to 2050. In order to
obtain the correct projection to the qðtÞ, it was necessary to use the
two different studies made by the IEA (International Energy
Agency), Blue Map and Roadmap scenarios [36,59]. Each scenario
gives a projection of PV and CSP technologies up to 2050 with
different market penetrations. According to the Blue Map and
Roadmap scenario, PV and CSP systems would provide respectively
6% and 5% of the annual global electricity production in 2050
[9,36,59]. The Roadmap scenario has a high expectation for massive
installation of future solar technologies worldwide; unlike the Blue
Map scenario, which is more conservative with the evolution of the
solar market.
For PV technology and for both projection scenarios, a logistic
function called the S-shaped curve can be used because it best ﬁts
the data. For CSP technology in the Blue Map scenario the same
logistic function is utilized, while for the Roadmap Scenario a

Fig. 4. Global CSP cumulative installed capacity and annual CSP electricity production [9,36,58].
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Fig. 5. Global PV cumulative installed capacity and annual PV electricity production [9,58,59].

second grade polynomial function is used [56]. The S-shaped curve
and the second grade polynomial function used to calculate the
projections of cumulative installed capacity in the Blue Map and
Roadmap scenarios are expressed by the following Equations (6)
and (7).

qðt Þ ¼ 

1
qð0Þ



erðt2014Þ


1
r ðt2014Þ
 M
þ e M

qðtÞ ¼ 0:459ðt  2014Þ2 þ 9:0725ðt  2014Þ þ 3:9

(6)

(7)

where q(0) and M are values of the initial and maximum cumulative
installed capacity, respectively, and r is the growth parameter. According to Hern
andez-Moro and Martínez-Duart [56], the speciﬁc
values for PV according to the Blue Map and Roadmap scenario are
respectively: q(0) is 191 GW and 191 GW in 2014, M is 1150 GW and
3155 GW in 2050 and r is 0.102 and 0.185. For CSP technology according to the Blue Map q(0) is 3.93 GW, M is 630 and r is 0.32. For
the Roadmap Scenario to CSP only a q(0) of 3.93 GW is necessary,
given that the expression is a second grade polynomial [56].
Fig. 6 demonstrates that the photovoltaic technology will lead
solar generation in 2050 with approximate 3000 GW of cumulative installed capacity, while the CSP will reach almost 1000 GW.
This situation could be produced because PV technology was
investigated previous to CSP [9]. Presently, several researchers

have published new methods to boost the efﬁciency of solar
panels, reaching higher values compared to current panels. Unlike
PV, CSP does not reach the highest value of cumulative installed
capacity, but in contrast with the present situation of the technology, the maximum at 2050 (1000 GW) is an excellent projection. Several researchers have investigated different options of
CSP designs such as the parabolic trough, dish stirling, linear
fresnel and solar tower [7,36]. These technologies are helping to
expand the solar energy across the world because each one has its
own characteristics, making them feasible for different global
scenarios.

5.2. Calculating speciﬁc parameters for PSDA
ndez-Moro and MartínezAccording to the model from Herna
Duart [35,56], there are three factors that are speciﬁc to the location
of the plant: the cost of the system in each year, CðtÞ, the solar
resource, S, and the performance factor, h.
The SAM software was used to obtain the costs of the system
and the LCOE from the different studied technologies [60]. The cost
obtained for the base year C(0) is 1.24 US$/W for PV and 6.12 US$/W
For CSP [61e63].
For the studied location in the PSDA region (Lat: 24.087,
Long: 69.913 ), the values of DNI and GHI are 3421.9 kWh/m2/
year and 2576 kWh/m2/year respectively [44]. The performance

Fig. 6. Projection of cumulative installed capacity for Blue Map and Roadmap scenario to PV and CSP technologies.
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factors for the CSP technology, hCSP, and for PV, hPV can then be
calculated using the following Equations (8) and (9).

hcsp



Electricity produced per installed watt kWh
W


¼
Utilized solar resource ðDNIÞ kWh
m2


hpv

Electricity produced per installed watt peak


¼
Utilized solar resource ðGHIÞ kWh
m2

(8)



kWh
Wp

(9)

The studied parabolic trough solar plant in the PSDA location
has an electricity production per installed watt of 4715.2 kWh/W.
This value was calculated dividing the electricity produced by the
plant in one year, 235.75 GWh, by the plant capacity, 50 MW. The
utilized solar resource corresponding to DNI was 3421.9 kWh/m2/
year. Therefore, the CSP performance factor for the chosen location
is 1.377 m2/kWh. For the PV plant, the electricity production per
unit of installed capacity is 1374.61 kWh/Wp. This value was obtained dividing the electricity produced by the PV plant in one year,
68.73 GWh, by the plant capacity, 50 MWp. With a GHI value of
2576 kWh/m2/year at the studied location, the PV performance
factor is then 0.533 m2/kW. In summary, two performance factors
were obtained, 1.377 m2/kW and 0.533 m2/kW for CSP and m2/kW
PV technology respectively. These values are very different, due to
the fact that CSP technology uses only the direct radiation of the
sun, while PV uses both direct and diffuse irradiation. The CSP
electricity production value was obtained from the SAM software
for two types of CSP plants, a parabolic trough and a Flat Plate of
50 MW each.
Values for hybrid PV-CSP plant was prorated according to the
percentage of each technology in the mix, using the values in
Table 2.

6. Results and discussion
The main goal of the simulation is to compare the LCOE of the
two most used solar technology plants (PV, CSP), as well as with the
LCOE of a hybrid PV-CSP plant with 24 h of electricity generation.
The LCOE was calculated for three types of solar plants: a ﬁxed
optimally-inclined south-oriented 50 MWp PV system; a 50 MW
parabolic trough CSP plant with 15 h of TES; and a PV-CSP hybrid
plant able to operate 24 h a day constituted with a ﬁxed optimallyorientated and inclined 20 MWp PV system and a 30MW parabolic
trough CSP system with 15 h of TES. The parameters for the LCOE
ndezprojection were calculated according to the model by Herna
Moro and Martínez-Duart [56]. Table 2 gives the speciﬁc parameters for the location in the Atacama Desert. The cost of PV technology is lower than CSP because the PV technology is more mature
and its market penetration is stronger than CSP [59]. However, CSP
technology cost tend to decrease and will become more affordable
in the future, due to recent developments in TES systems introducing new materials for thermal storage [65].
Figs. 7 and 8 shows the LCOE of PV, CSP and PV-CSP plants for
two scenarios: Blue Map (1) and Roadmap (2) scenarios. For the
scenario (1), LCOE values obtained varied between 12.88 and
8.43 cUS$/kWh for PV technology and between 15.29 and
9.02 cUS$/kWh for CSP technology, between 2014 and 2050
respectively. For the scenario (2), LCOE values obtained varied between 10.74 and 7.79 cUS$/kWh for PV technology and between
14.93 and 7.57 cUS$/kWh for CSP technology. LCOE values obtained
for both PV and CSP technology and both scenarios in 2014 are in

the same range than those obtained by Kost et al. [63] in the PSDA
location, showing that such LCOE values are from the lowest in the
present market. According to Fraunhofer ISE study [63], the LCOE
for solar technologies reaches values between 9.21 and 17.68 cUS$/
kWh for PV and between 17.27 and 24.36 cUS$/kWh for CSP. The
competitive costs obtained for the two technologies are explained
by the high solar radiation available in the Atacama Desert and the
low capital cost ($/W) of the technology calculated for the current
location. From 2014 to 2050, further reductions in capital costs are
expected, which will allow solar technology to reach grid parity
with than conventional fossil fuel technologies [9].
In addition, Figs. 7 and 8 show the LCOE for the studied 50 MW
hybrid PV-CSP plant according to the two mentioned scenarios. For
the scenario (1), LCOE values obtained varied between 14.69 and
8.57 cUS$/kWh between 2014 and 2050 respectively. For the scenario (2) LCOE values obtained varied between 13.88 and 7.74 cUS$/
kWh. In Fig. 7, according to the Blue Map scenario, the three plants
LCOE have tendency to decrease over time. The CSP plant will reach
the lowest LCOE value compared to the other two, followed closely
by the hybrid PV-CSP plant. According to the Roadmap scenario in
Fig. 8, the three plants have the same tendency, their LCOE decreases over time, but it is the PV plant which will reach the lowest
LCOE value in 2050 followed by the hybrid PV-CSP plant. According
to these calculations, in the Blue Map scenario, it is predicted that
CSP market will increase faster and stronger than PV market, due to
a greater growth of CSP global installed capacity. The Roadmap
scenario, which is based on different projection criteria, is predicting a greater growth of global PV installed capacity in the
future, given that PV is a more mature technology than CSP, that it
has lower cost and thus it is more accessible [59].
These two different situations are explained by the value of
learning rate LR included in the model. The LR studies on learning
rate factors are very useful for modeling technical change and
informing policy decisions related to energy technology. Learning
rate models have a variety of forms to describe the relationship
between cumulative capacity and cost [57]. The learning rate of a
technology is derived from the accumulation of experiences in
production. Its value gives an indication on how fast the LCOE of the
technology can be expected to decrease over the years [57]. In the
Blue Map scenario, according to the LR learning rate of CSP technology, it is expected that CSP will be further developed in the
coming years, the global installed capacity is expected to signiﬁcantly increase, thus reaching a lower LCOE than the other studied
plants. In the Roadmap scenario, however, it is expected a higher
growth in PV installed capacity in the future, thus leading to a lower
LCOE for the PV technology compared to the other two types.
Although the PV and CSP plants separately reach a lower LCOE
than the hybrid combination, either in the Blue Map and the
Roadmap scenarios, the hybrid PV-CSP plant enable 24-h electricity
generation and reach higher capacity factors than the other two.
Therefore, this type of hybrid PV-CSP plants can effectively provide
power supply and match the 24-h 7-day power demand of the
mining industry in Chile. The mining industry is also the ﬁrst sector
of CO2 emissions in Chile, so it is important to search clean and
reliable options to supply its electricity demand. Hybrid PV-CSP
plants are an option to ensure 24 h continuous supply of electricity and reduce the country's dependence on fossil fuels. The
similar LCOE for future years between Hybrid, PV and CSP can be an
important factor to determinate new options to satisfy the mining
sector power demand, allowing hybrid PV-CSP plants to be the
most economically and environmentally viable option even if its
LCOE is not the lowest. Also, the mitigation of CO2 emissions from
mining industries resulting from the use of solar resource instead of
fossil fuel electricity would lead to non-negligible reductions in
pollution taxes, and directly affecting business cash ﬂows.
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Table 2
Values for the projection of LCOE for PV and CSP.
Factor

Symbol

Units

PV

CSP

Cost of the system in 2014
Cumulative installed capacity in 2014
Cumulative installed capacity in year t
Learning rate
Land cost
Discount rate
O&M costs
Annual insurance rate
Solar resource
Tracking factor
Performance factor
Lifetime of the system
Annual output degradation rate

C(0)
q(0)
q(t)
LR
L
d
O&M
I
S
TF

US$/W
GW
GW
%
US$/kW
%
%
%
kWh/m2/year
Dimensionless
m2/kW
Years
%

1.24
191
Fig. 6
18 [35]
20 [64]
10 [35]
1.5 [35]
0.25 [35]
2576
1 [35]
0.533
25 [35]
0.6 [35]

6.12
3.935
Fig. 6
10 [35]
20 [64]
10 [35]
2 [35]
0.5 [35]
3421.9
0.9711 [35]
1.377
30 [35]
0.2 [35]

h
T
DR

promising option for sustainable power generation. It represents a
reliable and clean solution to the concern of power supply in Chile,
particularly because it could satisfy the continuous power demand
of the large local industries that mostly rely on fossil fuel resources.
Additionally, it is important to note that the solar resource in the
Atacama Desert is greater than that of other sunny areas where
huge solar energy projects have been developed, such as the two
leading countries in solar investment, the US and Spain. This means
that there is an untapped natural resource that can also be converted into a proﬁtable endeavor for public and private companies.
Foreign energy investors should pay special attention to this
geographic area, given that the unused solar resource could be the
future source of power for the mining industry in Chile, which is in
the same time seeking solutions for reducing its environmental
impact.
Fig. 7. 2050 LCOE projection to PSDA between 2014 and 2050 for PV, CSP and PV-CSP
in Blue Map scenario (1).
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7. Conclusion
This paper has important ramiﬁcations for the energy industry
in Chile, especially for mining companies located in the studied
area. Chile has a rich solar resource, which exploitation is still in its
infancy. The main concern regarding solar energy is the discontinuity, intermittency of electricity production. However, the hybrid
PV-CSP mix modeled in the paper is a sound solution to this
problem. The hybrid PV-CSP mix in the Atacama Desert is a
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