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Abstract 
Knowing the Levelized Cost of Energy (LCOE) allows for evaluating the profitability of different energy generation technologies, 
identifying the options with the lowest costs, and, in turn, promoting the transition to more sustainable energy sources for governments 
and private companies. Therefore, it is essential to analyze the competitiveness of a concentrated solar power (CSP) plant in La Joya, 
Arequipa, Peru, in comparison with the local electricity provider (SEAL) tariff and the LCOE target set for 2030 by the U.S. Department 
of Energy's Solar Energy Technologies Office (SETO). This study focuses on assessing the feasibility of five CSP plant configurations 
with different capacities (19.9 MWe,50 MWe, 100 MWe, 150 MWe, and 200 MWe) in Arequipa by calculating the LCOE with varying 
durations of thermal energy storage (TES) from 0 to 18 hours. Additionally, the LCOE of the Gemasolar plant (19.9 MWe) in Seville, 
Spain, is analyzed and projected in Arequipa using economies of scale. The projected LCOEs of the CSP plants are compared with 
SETO’s target (5 ¢/kWh) and SEAL’s tariff (20 ¢/kWh). Finally, the LCOE is broken down into its main components to identify the 
most significant costs. The methodology was developed in three stages: (1) collection of technical, economic, and geographical 
parameters of Gemasolar along with climate and radiation data from Arequipa; (2) simulations in the System Advisor Model (SAM) 
software to optimize CSP plant design, considering the number and arrangement of heliostats, as well as the dimensions of the tower 
and receiver; and (3) processing of results in Excel to calculate the LCOE for each CSP configuration and the generation of contour 
maps in MATLAB to compare LCOE, TES, design power, and relative percentages against SETO targets, SEAL tariffs, and the 
Gemasolar plant. A total of 152 simulations were conducted in SAM to optimize the design. The results show that the LCOE of the 
analyzed CSP plants is between 120% and 260% above the SETO target, with values ranging from 11 to 18 ¢/kWh. However, the 
projected CSP LCOE is between 10% and 61% lower than SEAL’s rate, with values between 12.2 and 18 ¢/kWh. The four main 
components account for 78.6% of the total LCOE, with thermal storage being the most significant (37.5%), followed by heliostats 
(21.89%), the receiver (11.54%), and the power block (8.23%). The average annual LCOE reduction for CSP technology is 
approximately 1.69%. In conclusion, none of the projected CSP configurations achieve the SETO target, and even with a reduction in 
the main components, the LCOE would remain between 86.28% and 226.28% above this target. Thermal storage is the component with 
the greatest cost reduction potential, potentially lowering the LCOE by 20%. Nevertheless, all the projected CSP configurations are 
attractive for public or private investment, as they offer electricity at a lower cost than the local SEAL provider. Although Peru has 
photovoltaic plants that harness solar radiation, the LCOE of the analyzed CSPs is 219.2% higher. However, CSPs offer a significant 
advantage in terms of capacity factors, reaching up to 65% compared to 33% for photovoltaic plants. 

© 2025 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license 
(https://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction
The use of renewable energy sources is the seventh of the 17 
Sustainable Development Goals established by the United Nations 
[1]. These energies have gained significant traction across various 
engineering applications, such as power generation [2-6], heating 

and cooling [7,8], green buildings [9-11] water desalination [12], 
and irrigation systems [13], among others. Many countries, in line 
with this goal, conduct techno-economic analyses to harness their 
renewable resources [14-17]. 

In Peru, there is substantial potential for harnessing renewable 
energies. The most exploitable resource is hydropower, with 
69,445 MW, followed by solar energy at 25,000 MW. Wind 
energy ranks third with 20,493 MW, then geothermal energy with 
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2,859.4 MW, and finally biomass energy, with capacities ranging 
between 400 and 900 MW [16]. Since solar energy utilization in 
Peru is only 1.14%, yet it is the second most abundant resource, 
this study proposes its utilization through the deployment of 
concentrating solar power (CSP) plants with thermal energy 
storage in southern Peru, specifically in the city of La Joya, 
Arequipa. The Arequipa region has a global horizontal irradiation 
of 6.8 to 7 kWh/m² and a direct normal irradiation (DNI) of 7.5 to 
8.5 kWh/m² [16]. 

Concentrating solar power (CSP) plants stand out for their 
ability to store energy in molten salt tanks, giving them an 
advantage over photovoltaic (PV) plants. CSP plants also offer 
greater flexibility, as their energy output can be regulated, 
allowing for generation prioritization when market prices are high 
and reduction during low-price periods [18]. Another advantage 
of CSP systems is their reliance on easily manufactured materials, 
utilizing reflective surfaces known as heliostats and a tower that 
receives the reflected radiation [8]. 

To consider the adoption of CSP technology, it is necessary to 
evaluate the levelized cost of energy (LCOE), which represents 

the electricity generation cost over a plant's life cycle. The U.S. 
Department of Energy’s Solar Energy Technologies Office 
(SETO) has set a target of achieving $0.05 per kilowatt-hour (5 
¢/kWh) for baseload plants with at least 12 hours of thermal 
energy storage (TES) by 2030 ( TES≥12 h)  [19].  

In the case of Peru, specifically in Arequipa’s La Joya city, the 
BT5B residential rate offered by the electricity provider SEAL in 
2024 is 0.20 ¢/kWh (73.14 Cents/./kWh) for a contracted power 
of 0.6 kW [20]. 

This paper aims to evaluate the levelized cost of energy (LCOE) 
for CSP plants with five different capacities: 19.9 MWe, 50 MWe, 
100 MWe, 150 MWe, and 200 MWe; compare the LCOE values 
with the local SEAL rate where the thermoelectric plant is 
projected; contrast the LCOE values with the SETO target; 
identify the components with the greatest impact on LCOE; and 
analyze cost trends and their relation to the SETO target. 

To achieve this objective, operational parameters from the 
Gemasolar plant in Seville, Spain (referred to as CSP-1), with a 
capacity of 19.9 MWe, were used. Simulations were conducted in 
the System Advisor Model (SAM) software for each plant 

Nomenclature 
ADHS Circular area of land occupied by the heliostat 
AH Area of land occupied by a heliostat 
AHS Reflective area of the heliostat 
AR Area of the studied receiver 
ARref Area of the reference receiver 
AT Total area occupied by the CSP 
BOP Power block  
CSP Concentrated Solar Power 
CBOP+SG-ref Cost of the reference power block 
cBOP+SG Cost of the power block and generator 
CD Direct costs 
CFIXED Infrastructure costs 
CH Heliostat cost 
CID Indirect costs 
CL Cost of barren land 
CMS Cost of molten salt storage 
CMSref Cost of molten salt storage reference 
CO&M Operation and maintenance costs 
CR Receiver cost 
CRref Reference receiver cost 
CTTH Tower cost 
CT-Land Total land cost 
CTow-ref Reference tower cost 
d Distance to the nearest populated center 
DEP Depreciation allowance 
DHs Diameter of land occupied by the heliostat 
DNI Direct Normal Irradiance 
ds Safety distance 
E Ecological correction factor 
Eelectric anual   Annual electricity production 
EPGS Electric Power Generation Subsystem 
fArea-H Additional factor for heliostat land 
fDIS Discount factor 
FCR Fixed Charge Rate 
hTES Projected storage hours 
 

HTF Heat transfer fluid 
ITC Investment tax credit 
ITR Income tax rate 
IT Total investment 
LCOE Levelized cost of electricity 
LH Heliostat height 
LW Heliostat width 
ηcicle Cycle efficiency 
ηparasitic Efficiency due to parasitic losses 
NU United Nations 
NH Number of heliostats 
O&M Operations and Maintenance 
O&Mi Initial maintenance cost rate 
PTI Annual property tax and insurance rate 
PV Photovoltaics 
PTh-design Design thermal power 
Pth-ref Reference system thermal power 
PH Heliostat price 
Qstorage Stored heat 
rDIS Discount rate 
rinf Annual inflation 
SAM System Advisor Model 
SEAL Southern Electric Company 
SETO Solar Energy Technologies Office 
T Topography and nature of the land 
TES Thermal Energy Storage 
THT Tower height 
U Best technically feasible use 
V Roads serving the land area 
VR Official unit value of rustic land 
�̇�𝑊P-plant Projected plant electric power 
wr Heliostat dimension ratio 
YDEP Depreciation life of the solar plant (years) 
YOP Economic operating life of the plant (years) 
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mentioned, varying thermal energy storage from 0 to 18 hours, and 
an additional simulation was performed to identify the most 
optimal configuration. Using the results in MATLAB, a contour 
map was generated to plot storage hours, electrical power, and 
LCOE values. Relative LCOE values were also plotted to compare 
against SETO, SEAL, and CSP-1 targets, allowing for percentage-
based projections. Finally, the projected CSP values with 15 hours 
of storage were compared with SETO, SEAL, and CSP-1 values, 
given that CSP-1 is designed to operate with 15 hours of TES. 
 
2. Methodology 
The methodology employed in this study encompasses three key 
stages, each detailed in Fig. 1. 

 
2.1. Stage 1: preparatory step 
The first stage involved defining the geographical location and 
technical parameters of CSP-1. Table 1 presents the location in 
terms of latitude and longitude (northern hemisphere), the 

electrical power generated, and the area occupied by the CSP-1 
plant. This table was also used to specify the location of the 
projected plants (CSP-2 to CSP-5) in the southern hemisphere, 
along with their respective generation capacities in megawatts 
electric (MWe), as shown in Fig. 1. The geographical location is a 
crucial factor, as it allows for obtaining annual meteorological data 
on direct radiation specific to each study site, extracted from the 
National Solar Radiation Database (NSRDB). Table 2 summarizes 
the technical parameters of CSP-1, which will be used to calculate 
its LCOE and to scale the associated costs for the projected plants. 

Figure 2 presents the basic schematic of CSP-1, showcasing its 
essential components. The tower, which supports the receiver, is 
responsible for capturing solar radiation reflected by the field of 
heliostats, achieving operating temperatures of 590 °C in the tower 
and 290 °C in the receiver [21]. The heat transfer fluid, which 
absorbs the heat, is transported to the hot storage tank of molten 
salts at approximately 565 °C, from where it is then pumped to the 
steam generator. The generated steam drives the turbine, which 

 
Fig. 1. Three-step methodology used to obtain the LCOE. 
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operates under a Rankine cycle and is connected to the generator, 
supported by the electric power generation subsystem (EPGS) to 
stabilize electricity production. After releasing their heat, the 
molten salts are pumped to the cold storage tank and subsequently 
transported back to the receiver at an approximate temperature of 
290 °C, thus completing the cycle. 

 
2.2. Stage 2: simulations in SAM  
In this stage, based on the information detailed in Fig. 1, the 
weather data and geographical coordinates of the projected CSP 
plants (located in La Joya, Arequipa, Peru) were loaded into SAM, 
with their latitude and longitude specified in Table 1. The weather 

data, obtained from the NSRDB database, were incorporated into 
SAM and are presented in Fig. 3. 

After loading the weather data, the design point parameters were 
defined (Fig. 4). The direct normal irradiation (DNI) was entered 
according to the data in Table 1, and the solar multiple was set at 
1.6, as this value is optimal for achieving maximum efficiency, 
according to [27]. Values higher than 1.6 do not improve the 
system's efficiency. The operating temperatures of the tower and 
the receiver were fixed at 590 °C and 290 °C, respectively, in 
accordance with the operational values of CSP-1 [21]. In the 

Table 1. General specifications of the CSP plants under study.  
CSP-1 (Gemasolar) [22,23]  CSP-2 CSP-3 CSP-4 CSP-5 

Capacity 19,9 MWe 50 MWe 100 MWe 150 MWe 200 MWe 

Location La Luisiana, Sevilla, Spain La Joya, Arequipa, Perú 
 

Longitude / Latitude 37°33'38,2"N/ 5°19'53,7"W 16°45'16.2"S/ 71°50'18.0"W 
 

Operation Date November, 2010 - - - - 

Total Area (Ha) 195 
 

- 
 

- 
 

- - 
 

)2Radiation (W/mDirect  - 1000 [24,25] 

 

 
Fig. 2. Basic scheme of CSP-1 (Gemasolar) [22]. 
 
Table 2. Technical values of CSP-1 [17,21,26]. 

Reference Parameters 
 

Value 

Turbine power kWe 19900 
Number of heliostats 

 
2650 

Tower height m 140 
Receiver diameter m 8,92 
Receiver height m 10,71 
Receiver area 2m 300,13 
BOP efficiency - 0,4248 
Receiver thermal power MWe 120 
Thermal energy storage (TES)  h 15 
Thermal power for the turbine at design point MWt 52,64 
Net annual energy produced GWh 80 
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thermal storage section, values were configured between 0 and 18 
hours, while the gross output power of the turbine was set in the 
range of 50 to 250 MWe. 
Once the design point parameters were defined, the heliostat 
values were established, each reviewed and referenced 
accordingly, as shown in Table 3. The values entered into SAM 
are presented in Fig. 5. It is important to note that these values 
remain constant and were uniformly applied across all simulations 
of the projected CSP plants. 

The next step was to define the values for the tower and the 
receiver, including materials, heat transfer properties, heat transfer 
fluid (HTF), pipe losses, modeling parameters for the flow in the 
receiver, and design, operational, and flow pattern parameters. 
These values are presented in Table 4, and their input into SAM is 
shown in Fig. 6. 

Finally, the simulation was conducted, as described in Fig. 1 of 
Stage 2, where 19 simulations were performed by varying the 

thermal energy storage hours (from 0 to 18 hours of TES) for each 
projected CSP plant, along with an additional simulation to 
determine the optimal design. In total, 152 simulations were 
carried out. 

 
2.3. Stage 3: calculation of levelized cost of energy (LCOE) 
To calculate the LCOE, the steps outlined in Fig. 1 of Stage 3 were 
followed. Based on the power output of the projected CSP plants, 
as well as the diameter and height of the receiver and the height of 
the tower obtained in SAM, a scaling economy was applied to 
project the direct and indirect costs from the reference plant CSP-
1, as shown in Table 5 according to [21]. 

To calculate the various costs, the following equations were 
used: 

Total land cost: The total land cost (𝐶𝐶𝑇𝑇−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) will be the cost 
of the vacant land (𝐶𝐶𝐿𝐿) in $/m2 and the total area of land occupied 
by the plant (𝐴𝐴𝑇𝑇) in m2, as indicated in Eq. (1) [38]. 

 
Fig. 3. Weather data information exported to SAM. 
 

 
Fig. 4. Design parameters added to SAM. 
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𝐶𝐶𝑇𝑇−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝐶𝐶𝐿𝐿 × 𝐴𝐴𝑇𝑇     (1) 
To calculate 𝐶𝐶𝐿𝐿 it can be determined using the current market 

value or through Eq. (2) according to [39]. The calculated value is 
0.47 $/m2 

𝐶𝐶𝐿𝐿 =  1
10

× 𝑉𝑉𝑉𝑉 × 𝑑𝑑 × 𝑇𝑇 × 𝑈𝑈 × 𝑉𝑉 × 𝐸𝐸  (2) 

Total land area: The total land area (𝐴𝐴𝑇𝑇), is calculated as the 
product of the heliostat area (𝐴𝐴𝐻𝐻) and the number of heliostats 
(𝑁𝑁𝐻𝐻) , multiplied by an additional land factor for the heliostat 
(𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿−𝐻𝐻 =  1.92) . This factor is derived from Eq. (3), which 
represents the relationship between the effective area occupied by 

the heliostat (𝐴𝐴𝐷𝐷𝐻𝐻𝐷𝐷) and the reflective area of the heliostat (𝐴𝐴𝐻𝐻𝐷𝐷). 
Additionally, it is increased by 30% to account for pathways and 
extra land around the field, along with a fixed amount added for 
the central area of the plant, as detailed in Eq. (2) according to [38]: 

𝐴𝐴𝑇𝑇 = (𝐴𝐴𝐻𝐻 × 𝑁𝑁𝐻𝐻 ) × 𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿−𝐻𝐻 × 1.3 + 0.18 × 106 𝑚𝑚2  (3) 

𝑓𝑓𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿−𝐻𝐻 =  𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷
𝐴𝐴𝐷𝐷𝐷𝐷

     (4) 

𝐴𝐴𝐷𝐷𝐻𝐻𝐷𝐷 = 0.25 × 𝜋𝜋 × 𝐷𝐷𝐷𝐷𝐷𝐷2    (5) 

𝐷𝐷𝐷𝐷𝐷𝐷 =  �√1 + 𝑤𝑤𝑤𝑤2 + 𝑑𝑑𝐷𝐷�𝐿𝐿𝐷𝐷   (6) 

Table 3. Reference Values Set for the Heliostat Field in SAM. 
 Variable Value Ref. 

Heliostat properties Heliostat Width (LW) 12.305 m  [28] 
Heliostat Height (LH) 9.752 m [28] 

)HSHeliostat Area (A 2115.7 m [28] 
Heliostat Reflectivity 0.88 × 0.95 [28] 
Image Error 1.53 mrad [17] 
Number of Heliostat Facets - X 7 [29] 
Number of Heliostat Facets - Y 5 [29] 

Heliostat operations Heliostat stow/ Deploy Angle 8 grades [17] 
Wind stow speed 15 m/s [17] 

Mirror washing Water usage per wash 2𝑚𝑚/𝐿𝐿0.72  [17] 
Washes per year 63 [17] 

Solar field layout constraints Max. Heliostat distance to tower height ratio 6 [30] 
Min. Heliostat distance to tower height ratio 0.75 [30] 

Atmospheric attenuation Polynomial coefficient 0 0.006789 [31] 
Polynomial coefficient 1 0.1046 1/km [31] 
Polynomial coefficient 2 20.017 1/km- [31] 
Polynomial coefficient 3 30.002845 1/km [31] 

 

 
Fig. 5. Reference values entered for the heliostat field in SAM. 
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𝑤𝑤𝑤𝑤 =  𝐿𝐿𝐿𝐿
𝐿𝐿𝐻𝐻

     (7) 

Eq. (5) defines the circular area of land occupied by the heliostat 
(𝐴𝐴𝐷𝐷𝐻𝐻𝐷𝐷). Equation (6) describes the diameter of the land occupied 
by the heliostat (𝐷𝐷𝐷𝐷𝐷𝐷), which depends on the aspect ratio of the 
heliostat (𝑤𝑤𝑤𝑤),  the safety distance between heliostats (𝑑𝑑𝐷𝐷) and 
the height of the heliostat (𝐿𝐿𝐷𝐷). Finally, Eq. (7) establishes the 
relationship between the width (𝐿𝐿𝑊𝑊)  and the height of the 
heliostat (𝐿𝐿𝐷𝐷). Equations (4)-(7) are described according to [40]. 

Heliostat cost: The cost of the heliostat (𝐶𝐶𝐻𝐻), is the price of the 
heliostat (𝑃𝑃𝐻𝐻) in dollars per square meter (100 $/m2 according to 
[41]) multiplied by the area of land occupied by a heliostat  
(𝐴𝐴𝐻𝐻  =  value from Table 3) as shown in Eq. (8). 

𝐶𝐶𝐻𝐻 = 𝑃𝑃𝐻𝐻 × 𝐴𝐴𝐻𝐻     (8) 
Tower cost: The cost of the tower (𝐶𝐶𝑇𝑇𝑇𝑇𝐻𝐻), is calculated based 

on the cost of the reference tower �𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇−𝐴𝐴𝐴𝐴𝑟𝑟 =  $ 0.78232 ×
106� and the height of the tower (𝑇𝑇𝐷𝐷𝑇𝑇),  as shown in Eq. (9) 
according to [38]. 

𝐶𝐶𝑇𝑇𝑇𝑇𝐻𝐻 = 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇−𝐴𝐴𝐴𝐴𝑟𝑟 × 𝑒𝑒0.0113 × 𝑇𝑇𝐻𝐻𝑇𝑇   (9) 

Receiver cost: The cost of the receiver (𝐶𝐶𝑅𝑅) is calculated based 
on the cost of the reference receiver �𝐶𝐶𝑅𝑅𝐴𝐴𝐴𝐴𝑟𝑟 =

218 $
𝑘𝑘𝐿𝐿𝑘𝑘

 according to Table 5�  multiplied by the ratio of the 
area of the study receiver (𝐴𝐴𝑅𝑅 , value calculated in SAM) to the 
area of the reference receiver �𝐴𝐴𝑅𝑅𝐴𝐴𝐴𝐴𝑟𝑟 =
300 𝑚𝑚2 according to Table 2�, raised to an exponent of 0.8, as 
shown in Eq. (10) according to [38]. 

𝐶𝐶𝑅𝑅 =  𝐶𝐶𝑅𝑅𝐴𝐴𝐴𝐴𝑟𝑟 × � 𝐴𝐴𝑅𝑅
𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅

�
0,8

    (10) 

Thermal storage cost: The cost of thermal storage (𝐶𝐶𝑀𝑀𝐷𝐷), is 
calculated as the product of the cost of the reference storage 
�𝐶𝐶𝑀𝑀𝐷𝐷𝐴𝐴𝐴𝐴𝑟𝑟�, as indicated in Table 5, and the thermal energy storage 
�𝑄𝑄𝑠𝑠𝑘𝑘𝑇𝑇𝐴𝐴𝐿𝐿𝑠𝑠𝐴𝐴�. The thermal energy storage depends on the projected 
storage hours (ℎ𝑇𝑇𝑇𝑇𝐷𝐷)  for Concentrated Solar Power (CSP), as 
shown in Eq. (11) according to [38]. Additionally, 𝑄𝑄𝑠𝑠𝑘𝑘𝑇𝑇𝐴𝐴𝐿𝐿𝑠𝑠𝐴𝐴 is a 
function of the storage hours (ℎ𝑇𝑇𝑇𝑇𝐷𝐷), the efficiency of the cycle 
(𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴)  and the projected electrical power of the CSP plant 
��̇�𝑾𝑷𝑷−𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑�, as indicated in Eq. (12) according to [17]. 

𝐶𝐶𝑀𝑀𝐷𝐷 = 𝐶𝐶𝑀𝑀𝐷𝐷𝐴𝐴𝐴𝐴𝑟𝑟 × 𝑄𝑄𝑠𝑠𝑘𝑘𝑇𝑇𝐴𝐴𝐿𝐿𝑠𝑠𝐴𝐴    (11)  

𝑄𝑄𝑠𝑠𝑘𝑘𝑇𝑇𝐴𝐴𝐿𝐿𝑠𝑠𝐴𝐴 =  
�̇�𝑾𝑷𝑷−𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑×ℎ𝑇𝑇𝑇𝑇𝐷𝐷
𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅×𝜂𝜂𝑝𝑝𝑝𝑝𝑅𝑅𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐

    (12) 

Power block (BOP) and steam generator (SG) cost: The cost 
of the balance of plant and steam generator (𝑐𝑐𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝑆𝑆), is scaled 
from the cost of the reference power block �𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝑆𝑆−𝐴𝐴𝐴𝐴𝑟𝑟  =
 $ 37.5 × 106�. This calculation utilizes the ratio of the thermal 
power at the design point obtained in SAM �𝑃𝑃𝑇𝑇ℎ−𝐿𝐿𝐴𝐴𝑠𝑠𝑐𝑐𝑠𝑠𝐿𝐿 � ,  
multiplied by the efficiency of the cycle (𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐴𝐴 = 0.35)  and 
divided by the thermal power of the reference system �𝑃𝑃𝑘𝑘ℎ−𝐴𝐴𝐴𝐴𝑟𝑟�, 
with a scaling coefficient exponent (𝑥𝑥𝐵𝐵𝐵𝐵𝐵𝐵+𝑆𝑆𝐺𝐺 = 0.8) , as indicated 
in Eq. (13), according to [21] and [38]. 

𝑐𝑐𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝑆𝑆 =  𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝑆𝑆−𝐴𝐴𝐴𝐴𝑟𝑟 �
𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑅𝑅×𝐵𝐵𝑇𝑇ℎ−𝑑𝑑𝑅𝑅𝑝𝑝𝑐𝑐𝑑𝑑𝑑𝑑

𝐵𝐵𝑝𝑝ℎ−𝑅𝑅𝑅𝑅𝑅𝑅
�
𝑥𝑥𝐵𝐵𝐵𝐵𝐵𝐵+𝐺𝐺𝐺𝐺

 (13) 

Infrastructure costs (𝑪𝑪𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭) : These costs are estimated 
independently of the size of the plant, as all plants incur certain 

Table 4. Tower and Receiver Parameters. 
 Variable Value Ref. Comment 

Receiver material and heat transfer 
properties 

Material type N077040 [32] Although the reference recommends using 
the N08800 alloy, the closest available 
material was assumed. 

Tube outer diameter 42.2 mm [33]  
Tube wall thickness 3.3 mm [33]  
Coating emittance 0.87 [33]  
Coating absorptance 0.96 [33]  
Heat loss factor 1 - SAM defaults 

Piping losses Piping heat loss coefficient K-22 Wt/m [34]  
It could be 1.6 according [35] 

Piping length constant 0 - SAM defaults 
Piping length multiplier 2.6 - SAM defaults 

Heat transfer fluid HTF type − 40%  360% KNO
,3NaNO 

[36]  

Receiver flux modeling parameters Maximum receiver flux 21000 kWt/m [37]  
Estimated receiver heat loss 230 kWt/m [34]  
Number of days in flux map lookup 8 [34]  
Hourly frequency in flux map lookup 2 [34]  

Design and operation Minimum receiver turndown fraction 0.25 - SAM defaults 
Maximum receiver operation fraction 1.2 - SAM defaults 
Receiver startup delay time 0.5 h - SAM defaults 
Receiver HTF pump efficiency 0.753 [33] GVSO pump of CSP Crescent Dunes 

External receiver Flow pattern 4 [33]  
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common field costs (e.g., buildings, roads, master control system, 
etc.), as shown in Eq. (14) according to [38]. In this equation, 
�̇�𝑾𝑷𝑷−𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 (𝑊𝑊) represents the electrical power of the turbine at the 
design point. 

𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝐷𝐷 = $ 2 × 106 + 0.093 $
𝐿𝐿

× �̇�𝑊𝐵𝐵−𝑝𝑝𝑐𝑐𝐿𝐿𝐿𝐿𝑘𝑘  (14) 

Direct costs: Direct costs (𝐶𝐶𝐷𝐷) correspond to the sum of all 
previously mentioned costs (cost of the tower, cost of the 
heliostats, cost of the receiver, cost of thermal storage, and cost of 
the balance of plant and generator), according to Eq. (15) [42]. 

𝐶𝐶𝐷𝐷 =  𝐶𝐶𝑇𝑇−𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 𝐶𝐶𝐻𝐻 + 𝐶𝐶𝑇𝑇𝑇𝑇𝐻𝐻 + 𝐶𝐶𝑅𝑅 + 𝐶𝐶𝑀𝑀𝐷𝐷 + 𝑐𝑐𝐵𝐵𝐵𝐵𝐵𝐵+𝑆𝑆𝐺𝐺  +
 𝐶𝐶𝐹𝐹𝐹𝐹𝐹𝐹𝑇𝑇𝐷𝐷 (15) 

Indirect costs: Indirect costs (𝐶𝐶𝐹𝐹𝐷𝐷) will be estimated as 12.5% 
of the direct costs, as there are various indirect costs associated 
with the construction of a plant, such as contingencies (1 to 2.5% 
of the direct costs) and management costs (approximately 10% of 
the direct costs), as indicated in Eq. (16) [42]. 

𝐶𝐶𝐹𝐹𝐷𝐷 = 0,125 × 𝐶𝐶𝐷𝐷    
 (16) 

Total investment: The total investment is the sum of direct 
costs (𝐶𝐶𝐷𝐷) and indirect costs (𝐶𝐶𝐹𝐹𝐷𝐷), as indicated in Eq. (17). 

𝐼𝐼𝑇𝑇 =  𝐶𝐶𝐷𝐷 + 𝐶𝐶𝐹𝐹𝐷𝐷     (17) 
Fixed charge rate (FCR): The FCR represents the amount of 

revenue per unit of investment that a company must generate 
annually to cover the expenses associated with the depreciation 
and amortization of that investment. It is calculated using Eqs. (18), 
(19), and (20), according to [38] and [42]. The values used in these 
equations are summarized in Table 6. 

𝐹𝐹𝐶𝐶𝑉𝑉 =  𝑃𝑃𝑇𝑇𝐼𝐼 + (1−𝐹𝐹𝑇𝑇𝐼𝐼)−(𝐹𝐹𝑇𝑇𝑅𝑅×𝐷𝐷𝑇𝑇𝐵𝐵)
(1−𝐹𝐹𝑇𝑇𝑅𝑅)𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷

   (18) 

𝑓𝑓𝐷𝐷𝐹𝐹𝐷𝐷 =  ∑ 1
(1+𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷)𝑦𝑦

𝑌𝑌𝐵𝐵𝐵𝐵
𝑦𝑦=1     (19) 

𝐷𝐷𝐸𝐸𝑃𝑃 =  ∑
1

𝑌𝑌𝐷𝐷𝑇𝑇𝐵𝐵
(1+𝐴𝐴𝐷𝐷𝐷𝐷𝐷𝐷)𝑦𝑦

𝑌𝑌𝐷𝐷𝑇𝑇𝐵𝐵
𝑦𝑦=1     (20) 

The calculated values are 𝑓𝑓𝐷𝐷𝐹𝐹𝐷𝐷 = 12.16  (discount factor), 
allowable depreciation 𝐷𝐷𝐸𝐸𝑃𝑃 = 0.0405 and the fixed charge rate 
𝐹𝐹𝐶𝐶𝑉𝑉 = 0.0922 (9.22%). 

 
Fig. 6. Loaded parameters for the tower and receiver in SAM. 
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Operation and maintenance costs (𝐶𝐶𝐵𝐵&𝑀𝑀): These costs are 
determined by the initial rate (O&M𝑐𝑐) , the annual inflation 
�𝑤𝑤𝑐𝑐𝐿𝐿𝑟𝑟 = 2.4%�  [43], the discount rate (𝑤𝑤𝐷𝐷𝐹𝐹𝐷𝐷 = 7.2%) , and the 
economic lifespan of the plant (𝑌𝑌𝐵𝐵𝐵𝐵 = 30 𝑎𝑎ñ𝑜𝑜𝐷𝐷) . The 𝐶𝐶𝐵𝐵&𝑀𝑀 is 
expressed as a percentage of the total investment, as shown in Eq. 
(14) [38]. Given that maintenance costs vary considerably, ranging 
from 6% to 20% of the initial cost according to [44] and [45], a 
value of 3.5 $

𝑀𝑀𝐿𝐿ℎ𝑅𝑅
 was assumed according to [46] and [47], which 

is multiplied by our annual electricity production (𝐸𝐸𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑘𝑘𝐴𝐴𝑐𝑐𝑐𝑐 𝐿𝐿𝐿𝐿𝑎𝑎𝐿𝐿𝑐𝑐) 
as indicated in Eq. (22). 

𝐶𝐶𝐵𝐵&𝑀𝑀 =  O&M𝑐𝑐  
∑ �

1+𝑅𝑅𝑐𝑐𝑑𝑑𝑅𝑅
1+𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷

�
𝑦𝑦𝑌𝑌𝐵𝐵𝐵𝐵

𝑦𝑦=1

∑ � 1
1+𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷

�
𝑦𝑦𝑌𝑌𝐵𝐵𝐵𝐵

𝑦𝑦=1

   (21) 

 O&M𝑐𝑐 = 3.5 $
𝑀𝑀𝐿𝐿ℎ𝑅𝑅

×  𝐸𝐸𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑘𝑘𝐴𝐴𝑐𝑐𝑐𝑐 𝐿𝐿𝐿𝐿𝑎𝑎𝐿𝐿𝑐𝑐  (𝑀𝑀𝑊𝑊ℎ𝐴𝐴)          (22) 

 
2.4. LCOE calculation 
Finally, with all the aforementioned data, we can proceed to 
calculate the Levelized Cost of Energy (LCOE), considering the 
fixed charge rate (FCR), the total investment (IT), the maintenance 
costs, and fuel costs (which are not taken into account in this case), 

Table 5. Economic values of CSP-1 [21]. 
Description 

Units 
Value Conversion to dollar (𝟏𝟏€ ≈

$𝟏𝟏.𝟎𝟎𝟎𝟎) 
Base price of heliostat with tracking 2€/m 145 158.05 

Land cost (𝐶𝐶𝑇𝑇−𝑐𝑐𝐿𝐿𝐿𝐿𝐿𝐿) 2€/m 2,00 2.18 
Reference receiver cost (𝐶𝐶𝑅𝑅𝐴𝐴𝐴𝐴𝑟𝑟) €/kWt 200 218 
Thermal storage cost (𝐶𝐶𝑀𝑀𝐷𝐷𝐴𝐴𝐴𝐴𝑟𝑟) €/kWht 30 32.7 
BOP cost (including steam generator) (𝐶𝐶𝐵𝐵𝐵𝐵𝐵𝐵+𝐷𝐷𝑆𝑆−𝐴𝐴𝐴𝐴𝑟𝑟) €/kWe 1350 1471.5 

Indirect costs (𝐶𝐶𝐹𝐹𝐷𝐷) % 16,5 - 
Operation and Maintenance cost (𝐶𝐶𝐵𝐵&𝑀𝑀) €/kWe 65 70.85 

 
Table 6. Values for calculating the FCR. 

Name Value Ref. 

Annual property tax and insurance rate (PTI) 1% [42] 
Investment tax credit (ITC) 0% [42] 
Income tax rate (ITR) 0% [42] 

Discount factor (𝑓𝑓𝐷𝐷𝐹𝐹𝐷𝐷) 12.16 [42] 
)OPEconomic operating life of the plant (Y 30 years - 

)DEPDepreciation life of the solar plant (Y 30 years - 
Discount rate (𝑤𝑤𝐷𝐷𝐹𝐹𝐷𝐷) 7.2% [42] 

 

 
Fig. 7. LCOE values for 15 hours of thermal energy storage (TES). 
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as well as the net energy produced by the plant (𝐸𝐸𝐴𝐴𝑐𝑐𝐴𝐴𝑐𝑐𝑘𝑘𝐴𝐴𝑐𝑐𝑐𝑐 𝐿𝐿𝐿𝐿𝑎𝑎𝐿𝐿𝑐𝑐 ) in 
kWh, as indicated in Eq. (23) [38] and [42]. 

𝐿𝐿𝐶𝐶𝐿𝐿𝐸𝐸 =  𝐹𝐹𝐼𝐼𝑅𝑅×𝐹𝐹𝑇𝑇+ 𝐼𝐼𝐵𝐵&𝑀𝑀+𝐹𝐹𝑎𝑎𝐴𝐴𝑐𝑐
𝑇𝑇𝑅𝑅𝑐𝑐𝑅𝑅𝑐𝑐𝑝𝑝𝑅𝑅𝑐𝑐𝑐𝑐 𝑝𝑝𝑑𝑑𝑎𝑎𝑝𝑝𝑐𝑐  

   (23) 

 
3. Results 
The results will be presented in four sections: 

In Section 3.1, the results for the Levelized Cost of Energy 
(LCOE) values for the five projected Concentrated Solar Power 
(CSP) plants, all with 15 hours of thermal energy storage (TES), 
will be presented. This section will focus solely on the total LCOE 
value. This decision is based on the fact that CSP-1 is designed to 
operate with 15 hours of TES, allowing for a fair comparison of 
LCOE values among the CSP plants. Additionally, the LCOE 
value will be compared to the SETO target of 5 ¢/kWh for 𝑇𝑇𝐸𝐸𝑇𝑇 ≥
12 ℎ  according to [19], as well as the current value from the 
electricity supplier SEAL, which is 20 ¢/kWh according to [20]. 
Other LCOE values for different thermal storage capacities will 
not be compared due to the completion of 152 simulations. 
In Section 3.2, the components of the LCOE for 15 hours of TES 
will be analyzed, along with their percentage contribution by 
component. 

In Section 3.3, the LCOE values for all projected CSP plants 
will be examined using a contour map. The LCOE values will also 
be analyzed as a percentage in relation to the SETO target, the 
value from the local electricity supplier SEAL, and CSP-1. 
Finally, in Section 3.4, the annual electricity production for a TES 
of 15 hours will be analyzed, along with the annual electricity 
production represented in a contour map for all projected power 
outputs and TES ranging from 0 to 18 hours. 

3.1. Levelized cost of energy for plants with 15 hours of thermal 
storage 
The LCOE values for CSP-2 to CSP-5 in Fig. 7 suggest a higher 
LCOE compared to the SETO target and a lower LCOE in relation 
to that of SEAL. In the case of CSP-1, its LCOE value is higher 
than all the presented values due to elevated costs during its 
construction year. The figure shows that the LCOE of CSP-1 is 
four times greater than the SETO value; however, according to 
[48], the actual LCOE value of CSP-1 in 2020 (28 ¢/kWh) would 
be 5.6 times greater. For CSP-2, the LCOE is 2.4 times higher than 
that of SETO; for CSP-3, it is 2.5 times higher; for CSP-4, it is 2.7 
times higher; and for CSP-5, it is 3.3 times higher than the SETO 
value. In the same figure, in relation to the LCOE of SEAL, it is 
observed that the LCOE of CSP-1 is 1.8% higher than that of 
SEAL. Meanwhile, CSP-2 has an LCOE that is 40.25% lower than 
SEAL's, CSP-3 is 37.65% lower, CSP-4 is 31.9% lower, and 
finally, CSP-5 is 17.85% lower than SEAL's value. 

3.2. Levelized cost of energy for plants with 15 hours of thermal 
storage by components 
In the analysis of LCOE values, it is crucial to understand how 
costs are distributed by components, as illustrated in Fig. 8. It can 
be observed that for plants CSP-2 to CSP-5, the costs of heliostats 
and the receiver have decreased by approximately 45% compared 
to CSP-1. Additionally, the cost of the balance of plant (BOP) has 
been reduced by an average of about 69.33%, while the cost of 
thermal energy storage (TES) has increased by an average of 
approximately 58.54% compared to CSP-1. 

Regarding the heliostat component, Fig. 8 shows that costs 
decrease between 37% and 58.43% from CSP-2 to CSP-4 

 
Fig. 8. Components of the LCOE for 15 hours of TES in the CSP plants under study. 
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compared to CSP-1, due to the reduction in costs from $158/m² to 
$100/m² currently, according to [41].  

In relation to the BOP component, Fig. 8 indicates that costs 
have been reduced to about one-third, with a reduction ranging 
from 66.3% to 71.2% compared to the value of CSP-1. 

Concerning the receiver component, Fig. 8 indicates that the 
cost reduction from CSP-2 to CSP-4 compared to CSP-1 varies 

between 45.82% and 55.72%. On the other hand, the TES 
component of the LCOE shows an increase. 

Regarding the TES component, Fig. 8 indicates that the cost 
increase from CSP-2 to CSP-4 compared to CSP-1 varies between 
32.9% and 94.98%. Although this might seem like a disadvantage, 
it actually represents an advantage, as it allows for a design power 
output that is 2.5 to 10 times greater with a lower LCOE than that 
of CSP-1. 

 
Fig. 9. Percentage components of the LCOE for 15 Hours of TES in the CSP plants under study. (a) CSP-1 in descending order. (b) CSP-2 in descending order. (c) 
CSP-3 in descending order. (d) CSP-4 in descending order. (e) CSP-5 in descending order. 
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With respect to the LCOE component of indirect costs in Fig. 8, 
the cost reduction from CSP-2 to CSP-4 compared to CSP-1 varies 
between 21.63% and 43.97%. Fixed costs range from 3% to 2.48%, 
being slightly higher than those of CSP-1. Finally, operation and 
maintenance (O&M) costs have drastically decreased, from 1.15% 
in CSP-1 to 0.28% in the remaining CSP plants. 

A detailed analysis of Fig. 9(a), which breaks down the costs 
that comprise the LCOE by percentage, reveals that in CSP-1, the 
largest cost corresponds to the heliostats, accounting for 29.4% of 
the total, followed by the BOP at 17.77%. The receiver ranks third 
at 15.88%, while thermal energy storage (TES) represents 15.66%. 
Indirect costs are in fifth place, representing 13.84%. Altogether, 
78.71% of the total cost of CSP-1 (16.025 ¢/kWh) is attributed to 
the heliostats, the balance of plant, the receiver, and thermal 
storage, reflecting the significant initial project costs (2009) [48].  
In Fig. 9(b) to (e), the analysis shows that, on average, 78.6% of 
the total cost for configurations CSP-2 to CSP-5 is attributed to 
the same main components: heliostats, BOP, receiver, and TES. In 
these configurations, the LCOE varies between 9.392 ¢/kWh and 
12.914 ¢/kWh, with TES being the largest cost component, 
followed by heliostats, the receiver, and finally, the BOP. 

Figures 10(a)–(d) clearly illustrate the changes in the main costs 
(TES, heliostats, receiver, BOP) among the different CSP 

configurations. In Figure 10(a), the percentage of TES as a 
component of the LCOE is presented, which averages 37.05% for 
CSP-2 to CSP-5, in contrast to 15.66% for CSP-1. Figure 10(b) 
shows the average percentage costs of heliostats in CSP-2 to CSP-
5, which account for 21.89% of the LCOE, compared to 29.4% for 
CSP-1. Figure 10(c) illustrates the percentage cost of the BOP, 
with an average of 8.23% for CSP-2 to CSP-5, compared to 17.77% 
in CSP-1. Finally, Fig. 10(d) shows the percentage cost of the 
receiver in CSP-2 to CSP-5, which has an average of 11.34%, 
compared to 15.88% for CSP-1. 
 
3.3. Levelized cost of energy for all CSPs 
To analyze the variations in LCOE across all design capacities of 
CSP-2 to CSP-5, within a range of 0 to 18 hours of TES, contour 
maps were created with increments of 50 MWe, reaching up to 
200 MWe. It was also necessary to examine the percentage 
variations in LCOE for each studied CSP in comparison to CSP-1. 
Additionally, variations in LCOE were investigated within the 
ranges of 50 MWe to 200 MWe, identifying the minimum LCOE 
value in each case. 

 
Fig. 10. Percentage analysis of the four most important costs comprising the LCOE for a 15-hour TES. (a) Percentage variation of TES contributing to the LCOE for all 
CSPs. (b) Percentage variation of the heliostat contributing to the LCOE for all CSPs. (c) Percentage variation of the BOP contributing to the LCOE for all CSPs. (d) 
Percentage variation of the receiver contributing to the LCOE for all CSPs. 
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Figure 11(a) presents the LCOE values in cents per kilowatt-
hour for capacities ranging from 50 MWe to 100 MWe. The red 
point indicates the minimum LCOE value, which is 7.84 ¢/kWh 
and corresponds to a 50 MWe plant with 1 hour of TES. When 
comparing values with TES ≥ 12 h to the SETO target (5 ¢/kWh), 
it is observed that the cost exceeds 11 ¢/kWh, indicating that these 
values are 2.2 to 2.6 times greater than the SETO target. 

Figure 11(b) shows the LCOE values in cents per kilowatt-hour 
for capacities from 100 MWe to 150 MWe. The red point marks 
the minimum LCOE value, which is 7.94 ¢/kWh, corresponding 
to a 100 MWe plant with 2 hours of TES. When comparing values 
with TES ≥ 12 h to the SETO target (5 ¢/kWh), it is noted that the 
LCOE exceeds 11 ¢/kWh, suggesting that these values are 2.2 to 
2.8 times greater than the SETO target. 

Figure 11(c) presents the LCOE values in cents per kilowatt-
hour for capacities from 150 MWe to 200 MWe. The red point 
indicates the minimum LCOE value of 8.55 ¢/kWh, corresponding 
to a 150 MWe plant with 2 hours of TES. When comparing values 
with TES ≥ 12 h to the SETO target (5 ¢/kWh), it is observed that 
the LCOE exceeds 12 ¢/kWh, indicating that these values are 2.4 
to 3.6 times greater than the SETO target. 

Figure 11(d) presents the LCOE values in cents per kilowatt-
hour for the capacities of CSP-2 to CSP-5. By focusing the 
analysis on the LCOE values for TES ≥ 12 hours, the following 
observations can be made: 
• For CSPs with capacities ranging from 55 MWe to 140 

MWe, the LCOE is between 11 ¢/kWh and 12 ¢/kWh for 
TES = 12 h. 

 
Fig. 11. Variation of the LCOE in ¢/kWh. (a) LCOE between CSP-2 and CSP-3. (b) LCOE between CSP-3 and CSP-4. (c) LCOE between CSP-4 and CSP-5. (d) 
LCOE between CSP-2 and CSP-5. 
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• For CSPs with capacities from 140 MWe to 165 MWe, the 
LCOE varies between 12 ¢/kWh and 13 ¢/kWh for TES = 12 
h. 

• For CSPs with capacities from 165 MWe to 182.5 MWe, the 
LCOE is between 13 ¢/kWh and 14 ¢/kWh for TES = 12 h. 

• For CSPs with capacities from 182.5 MWe to 187.5 MWe, 
the LCOE ranges from 14 ¢/kWh to 15 ¢/kWh for TES = 12 
h. 

Increasing the TES to 13, 14, or 15 hours would allow the LCOE 
to fluctuate between 12 ¢/kWh and 15 ¢/kWh, while raising the 
TES to 16 hours would bring the LCOE into a range of 13 ¢/kWh 
to 17 ¢/kWh. 

Figure 12(a) presents the percentage values relative to the SETO 
target. It can be observed that for the projected plants from CSP-2 
to CSP-5, the costs are between 156% and 360% higher than the 
SETO target. This disparity is attributed to the high costs 
associated with the technology used and the reference costs. 

In Figure 12(b), the percentage values relative to the local SEAL 
tariff (20 ¢/kWh) are shown. For the projected plants from CSP-2 
to CSP-5, the costs represent between 39% and 90% of the SEAL 
LCOE, indicating that any power implemented in the city of La 
Joya would offer electricity below the local tariff. 

Figure 12(c) presents the percentage values of the LCOE 
relative to CSP-1 (20.36 ¢/kWh). It is observed that for the 
projected plants from CSP-2 to CSP-5, the costs represent between 

 
Fig. 12. Percentage values of the LCOE.  (a) Relative to SETO. (b) Relative to SEAL. (c) Relative to CSP-1. 
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38.5% and 85% of the LCOE of CSP-1. This indicates a potential 
maximum reduction of the LCOE of 61.5% for CSPs with a size 
2.5 times that of CSP-1, and a 15% reduction for CSPs with a size 
10 times greater than that of CSP-1. 

 
3.4. Annual electricity generation for all CSPs 
In Fig. 13(a), the annual electrical energy in GWh for 15 hours of 
thermal energy storage (TES) is presented. It can be observed that 
as the projected capacity of the concentrated solar power (CSP) 

system increases, the energy production also increases. 
Specifically, the energy production of CSP-5 is 5.68 times that of 
CSP-1, CSP-4 is 5.13 times that of CSP-1, CSP-3 is 3.78 times 
that of CSP-1, and CSP-2 is 2.07 times that of CSP-1. 

In Fig. 13(b), the annual electricity production in GWh for 
all projected CSP plants is presented. The values range from 
135.43 GWh for CSP-2 (50 MWe) to over 450 GWh for CSP-5. 
Compared to CSP-1, all projected CSP systems exceed the annual 
energy production of CSP-1 by a factor ranging from 1.69 to 5.6. 

 
Fig. 13. Annual electricity production (GWh) for all CSPs. 
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Furthermore, it can be observed that annual electricity production 
increases significantly as capacity rises from 50 MWe to 150 
MWe. Specifically, from CSP-2 to CSP-3, the annual electricity 
production increases by approximately 140 GWh; from CSP-3 to 
CSP-4, the increase is around 100 GWh; and from CSP-4 to CSP-
5, the rise is close to 30 GWh. 

 
4. Discussions 
In relation to the study conducted, the following findings can be 
highlighted: 
• The four most significant direct costs that make up the LCOE 

are thermal energy storage, heliostats, the receiver, and the 
power block. 

• TES is the highest cost within the LCOE, due to the 
competitiveness that tower solar concentration plants must 
achieve to surpass the performance of those without it. 
However, due to current high costs, new technologies are 
being developed to reduce them, as noted in [49] (Kuravi et 
al., 2012). The importance of reducing this cost lies in its 
potential to contribute to a 20% decrease in the LCOE value, 
according to [49]. If the cost of TES were reduced by 30% 
(currently $32.7/kWht in this study), our costs could 
decrease to approximately $22.89/kWht. 

• Heliostats are the second most important component in the 
LCOE. For example, from 2009, when Gemasolar began 
operations, to 2024 (14 years), the cost of heliostats has 
decreased by 36.71%, equivalent to an average annual rate of 
2.45%. This suggests that costs could reduce from $100/m² 
to about $85.3/m² by 2030, which is not far from the 
estimated $75/m² according to [41] (Pfahl et al., 2017).  

• The third most significant cost, the receiver, will be affected 
by improving operating temperatures between 600 and 
700 °C and increasing efficiency by 13%, according to [48], 
resulting in a reduction of 2 ¢/kWh in the total LCOE cost. 
The receiver costs in individual studies conducted in 2010, 
such as 'Utility Studies' and 'Abengoa Study', reported values 
of $71 and $58/kWt, respectively, according to [50]. More 
recent studies conducted in 2022 establish values of 
$147/kWt, according to [51]. Compared to the costs of this 
study ($218/kWt), a reduction of 32.57% is observed, which 
corresponds to an average annual decrease of 2.17%. 

• The fourth most significant cost, the power block, 
experienced a 40% decrease over 10 years (2010-2020), 
dropping from $1,499/kWe to $892/kWe, according to [52], 
with intermediate values of $1,150/kWe in 2015, according 
to [53] (Kurup et al., 2015). If we estimate the reduction over 
a 5-year period, from 2010 to 2015, relative to our reference 
cost ($1,471.5/kWe), the costs fell by 21.85%, which 
corresponds to an average annual decrease of 4.37%. 

By adjusting the recent values (TES, heliostat, receiver, and 
BOP) from Fig. 7, the LCOE costs for CSP-2 plants decrease from 
11.95 to 9.104 ¢/kWh, representing a reduction of 23.82%. For 
CSP-3, the LCOE costs drop from 12.47 to 9.515 ¢/kWh, 
equivalent to a reduction of 23.7%. For CSP-4, the LCOE costs 
decrease from 13.62 to 10.39 ¢/kWh, which represents a decline 
of 23.72%. Finally, for CSP-5, the LCOE costs reduce from 16.43 
to 12.542 ¢/kWh, equivalent to a decrease of 23.66%. 
 

5. Conclusions  
From the LCOE values for CSP-2 to CSP-5 plants, it is observed 
that their costs are between 120% and 260% higher than the SETO 
target (5 ¢/kWh), with values ranging from 11 ¢/kWh to 18 ¢/kWh. 
This leads to the conclusion that none of the analyzed CSP plants 
could achieve this target by the year 2030. By adjusting with 
recent data, it is estimated that the average percentage reduction in 
LCOE for 2024 is 23.72%, implying that the LCOE would be 
between 96.28% and 236.28% above the SETO target. This 
indicates that, even today, we are still far from achieving that goal. 

Based on the analysis of cost reductions in the main components 
of the LCOE over the past 14 years, it is concluded that the average 
annual reduction is 1.69%. This suggests that by 2030, an 
additional estimated reduction of 10.14% could be achieved. With 
this decrease, the LCOE values would range from 86.28% to 
226.28% above the SETO target for CSP plants with capacities 
between 50 and 200 MWe. 

It is concluded that for CSP-2 to CSP-5 plants, the LCOE values 
in 2024 are between 10% and 61% lower than the current SEAL 
rate (20 ¢/kWh), falling within a range of 12.2 to 18 ¢/kWh. This 
suggests that this technology offers more competitive energy costs, 
which is attractive to both investors and the Peruvian state as an 
investment opportunity in this type of technology. 

According to [54], the LCOE for the Rubí photovoltaic plant 
(144.5 MWe) in Moquegua, Peru, was 4.79 ¢/kWh in 2018, 
producing 440 GWh of energy annually. In comparison, our 
analysis suggests that the LCOE for a CSP plant under the same 
conditions would be approximately 10.5 ¢/kWh, with 4 hours of 
thermal energy storage (TES), generating the same annual amount 
of energy, which represents a 219.2% increase over the Rubí 
LCOE. Although this value seems less competitive, CSP 
technology offers significant advantages: it allows for greater 
flexibility in generation by storing the produced heat and releasing 
it when economically favorable, provides greater supply stability, 
and presents higher capacity factors since it can operate more 
hours per day due to TES. While the capacity factor of the Rubí 
plant is 33% according to [55], CSP plants achieve capacity 
factors between 50% and 65%, according to [56]. 

It can be concluded that the annual electricity production in 
CSPs shows a significant increasing trend as generation capacity 
increases, particularly when moving from 50 MWe to 150 MWe. 
This observation underscores the positive relationship between 
plant capacity and its electricity production. However, although 
production continues to increase with each capacity increment, the 
growth rate diminishes as higher capacities are reached. This is 
evident in the significant increase of approximately 140 GWh 
between CSP-2 and CSP-3, compared to the modest increase of 
about 30 GWh between CSP-4 and CSP-5. 

It is concluded that over the past 14 years, LCOE costs for tower 
CSP plants have decreased significantly. In this analysis, data 
from CSP-2 to CSP-5, compared to those from CSP-1, show a 
reduction of 18% to 42.5% in costs, with generation capacities 
between 2.5 and 10 times greater than the design power of CSP-1, 
maintaining the same thermal energy storage (TES) of 15 hours. 

It is concluded that the components of the LCOE with the 
greatest impact on costs are thermal energy storage (TES), 
heliostats, the receiver, and the balance of plant (BOP), which 
together represent 78.6% of the total LCOE. Of the values 
obtained, TES accounts for 37.05% of the LCOE cost, followed 
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by heliostats at 21.89%, the receiver at 11.34%, and finally, the 
BOP at 8.23%. Among these components, TES could contribute 
to a significant reduction in the LCOE cost, with a potential 
reduction of 20% [49]. However, phase change material 
encapsulation technologies are currently in an experimental stage. 
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