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Abstract: Concerns over the environmental influence of greenhouse gas (GHG) emissions have
encouraged researchers to develop alternative power technologies. Among the most promising,
environmentally friendly power technologies for large-scale applications are solar power tower
plants. The implementation of this technology calls for practical modeling and simulation tools to
both size the plant and investigate the scale effect on its economic indices. This paper proposes a
methodology to design the main components of solar power tower plants and to estimate the specific
investment costs and the economic indices. The design approach used in this study was successfully
validated through a comparison with the design data of two operational commercial power tower
plants; namely, Gemasolar (medium-scale plant of 19.9 MW,) and Crescent Dunes (large-scale plant
of 110 MW,). The average uncertainty in the design of a fully operational power tower plant is
8.75%. A cost estimation showed the strong influence of the size of the plant on the investment costs,
as well as on the economic indices, including payback period, internal rate of return, total life charge
costs, and levelized cost of electricity. As an illustrative example, the methodology was applied to
design six solar power tower plants in the range of 10-100 MW, for integration into mining processes
in Chile. The results show that the levelized cost of electricity decreases from 156 USD/MWhe
for the case of a 10-MW, plant to 131 USD/MWhe for the case of a 100-MW, plant. The internal
rate of return of plants included in the analyses ranges from 0.77% (for the 10-MW, case) to 2.37%
(for 100-MW, case). Consequently, the simple payback ranges from 16 years (for the 100-MW, case)
to 19 years (for the 10-MW, case). The sensitivity analysis shows that the size of the solar receiver
heavily depends on the allowable heat flux. The degradation rate and the discount rate have a
strong influence on economic indices. In addition, both the operation and the deprecation period,
as well as the price of electricity, have a crucial impact on the viability of a solar power tower plant.
The proposed methodology has great potential to provide key information for prospective analyses
for the implementation of power tower technologies to satisfy clean energy needs under a wide range
of conditions.

Keywords: design methodology; cost estimation; solar power tower; economic assessment

1. Introduction

Fossil fuel reserves in the world are rapidly decreasing, and so it is important to tap the abundant
solar energy source to both meet future energy demands and reduce greenhouse gas (GHG) emissions.
Concentrating Solar Power (CSP) alternatives are among the most promising alternatives to fossil
fuels because they rely on conventional technology and are relatively easy to scale up [1]. Of all CSP
technologies available today, the solar power tower (PT) is expected to both significantly reduce its
cost and improve its efficiency over time [2,3]. This technology has several potential advantages over
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other CSP technologies (parabolic trough, linear Fresnel, and solar dish), including higher operating
temperatures, which allow for greater efficiency of the thermodynamic cycle, low water consumption,
and high-energy-density storage [3]. The design of these power plants poses considerable challenges
given the complexity of the mathematical models required in both optical and thermal analyses of their
main components. To speed up the growth in the installed capacity of PT plants and the associated
cost reductions, practical design procedures and reliable data on investment costs are required.

A typical PT plant consists of a solar field (SF), known as a heliostat field, a solar receiver (SR),
a thermal energy storage (TES) unit, and a power block (PB). To simplify the analysis of the PT
plants, Jebamalai [4] proposed a methodology to design SRs, including external and cavity receivers.
Srilakshmi et al. [5,6] presented a procedure to determine the preliminary tower height and the reflective
area of the SE. Khosravi et al. [7] proposed a design and optimization approach by combining adaptive
neuro-fuzzy inference with a genetic algorithm and teaching-learning-based optimization algorithm.
Yan Luo et al. proposed optimization techniques to find the optimum design of PT plants based on
successive response surface methodology [8] and the “Sobol’-Simulated Annealing” algorithm [9].
Albarbar and Arar [10] proposed optimal designs for a medium-scale PT plant. The authors investigated
the effects of the receiver’s geometric parameters on the performance of medium-scale PT plants.

Indeed, the most complex part in the design of PT plants is the heliostat field. Thus, several methods
have been proposed to layout and estimate its optical performance. Siala and Elayeb [11] proposed a
graphical method by dividing the field into certain groups of heliostats. Sanchez and Romero [12]
proposed a method to layout the field based on the yearly direct solar radiation. Wei et al. [13] coupled
Monte Carlo ray tracing with the parametric search algorithm to optimize the heliostat field layout.
Noone et al. [14] proposed a discretization approach to layout the heliostat field. Pitz-Paal et al. [15]
coupled a genetic algorithm with the Nelder-Mead algorithm to design the heliostat field. M. Besarati
and Goswami [16] developed a quick method to design the SF based on minimum shadowing
and blocking. Belhomme et al. [17] developed an approach to design the SF by processing highly
resolved heliostat geometry data containing the local normal vectors of the mirror surface of a heliostat.
Collado et al. [18] proposed the division of the SF into several regions to get an accurate heliostat
field design.

To facilitate the design of the heliostat field, numerous codes have been developed. DELSOL3 [19],
SOLTRACE [20], MUEEN [19], SENSOL [19], CAMPO [21], Solstice [22], SolarPILOT [23],
HFLD, and CRS4-2 are widely used, among others. Some of these codes are useful to investigate
the optical performance of the solar field, but they require the geometric design parameters of
the receiver and the tower as input data. For instance, SolarPILOT requires the nominal thermal power
of the SR, its geometric dimensions, and the tower height to design the heliostat field. In case the input
data are just estimates, such as in [24], the design parameters of a PT plant may be highly uncertain,
thus jeopardizing the viability of a given project. This is also true for the case of Campo and many
other codes.

This paper aims to fill a gap in the design and cost estimation of PT plants because there is a
lack of cost data accounting for the scale effect. In addition, to the best of the authors’ knowledge,
there is no published method to calculate the design data required by some software, such as SolarPilot
and Campo. The rapid growth in the installed capacity of PT technology and the associated cost
reductions require practical tools to calculate design parameters, investment costs, and economic
indices that take into account the influence of technical and financial parameters.

We propose a practical methodology to design and to estimate the costs of PT plants.
The methodology is useful to estimate the input design data required by the codes cited above.
The design approach used allows for calculation of the geometric parameters of the main parts of
the PT plants from a minimum set of input data (nominal power production, geographical parameters
of the site, and solar radiation data). The cost estimation approach takes into account the technical
and financial parameters to estimate the investment costs and economic indices. The next section
describes the proposed methodology. The validation of the methodology is described in Section 3.
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Section 4 presents a case study on the use of the methodology to design and to determine the economic
indices of PT plants. Section 5 presents a sensitivity analysis to show the influence of the technical
and financial parameters on the design and economic indices of PT plants. The last section summarizes
the most important results.

2. Methodology and Modeling

2.1. Methodology

The proposed methodology for the design and cost estimation of PT plants is highlighted in
Figure 1. It includes three main stages: pre-design, design, and cost estimation.

Second stage

*Costs
estimation

eData

collection *Sizing

First stage Third stage

Figure 1. Schematic diagram of the methodology.

The purpose of the first stage is to select:

e nominal power of the PT plant,
e location, and
e  design point parameters.

The second stage entails the calculation of the design parameters of the main parts of the PT plant,
including:

e nominal power, height, and SR diameter,
e tower height,

e  size of thermal energy storage, and

e  SFreflective area.

The third stage entails:

e estimating investment costs considering the scale effect and
e calculating economic indices.

The next sub-sections describe the approaches used in the design and cost estimation.

2.2. Design Approach

The configuration of a typical PT plant is depicted in Figure 2. It consists of a SF, a SR, a tower,
a thermal energy storage (TES) unit, and a power block (PB). The reflective area of the SF collects
direct normal irradiance (DNI) into the SR, which is located at the top of the tower. The SR absorbs
the collected DNI and converts it into useful heat. A heat transfer fluid (HTF), typically molten salt,
is used to transport the useful heat to the TES and then to the PB to produce electricity.
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Figure 2. A typical configuration of solar power tower plants.

In this case, it is assumed that a PT plant is needed to produce an amount of energy Epg nom
during the nominal day. The nominal day is the day that includes the design point. The design
point is commonly selected during the summer solstice to minimize energy losses (energy losses by
devocalizing a part of the solar field when DNI is high or when the storage is full). One of the key design
parameters is the nominal direct normal irradiance (DNI;o;). During the nominal day, the equivalent
hours with DNI equal to DNI,,,;, can be expressed as follows:

D daily_nom
Nhoursfeq = m (1)
where Dy _nom is the nominal daily direct insolation.
We define the ratio (Rh) as follows:
N + N,
Rl — hours_TES hours_eq ( 2)

N; hours_eq

where Njg,rs TES is the number of hours of storage. A typical value of Ny, TEs is the difference
between the number of hours of the day and the number of equivalent hours. It can also be given
input data to meet specific objectives.

The size of the TES that meets the nominal daily demand can be calculated as:

Nj hours_TES

~——v——E
N; hours_eq +Nj hours_TES nom_PB

®)

ETESJlom =
NTES_nom-1PB_nom
where ETgs 0 is the capacity of the TES. n17eg om and 1pp_nom are the nominal efficiencies of the TES
and the PB, respectively.
The nominal power of the receiver is a function of the solar multiple (SM) and the nominal thermal
power of the PB [4].
p SR_nom — SM‘QPB_nom 4)

where Qpp_yom is the nominal thermal power of the PB.
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The nominal thermal power of the PB is a function of its efficiency.

Ppg
QPB_nom = S (5)
TIPB_nom
The incident thermal power on the SR is calculated as a function of its nominal efficiency:
PsR_nom
PSR incident_nom = = (6)
TISR_nom

where PsR incident_nom and 1nsr_nom are the nominal incident thermal power and the nominal efficiency
of the receiver, respectively.

Current commercial PT plants commonly use molten salt external cylindrical SRs [25].
Among the most important design parameters of the PT plants are the geometry of the SR and the tower
height. SR sizing must account for the technical limits associated with the allowable power flux
of its material [4,26]. For stainless steel molten salt SRs, the allowable peak flux is 830 kW/m? [26].
For safety purposes, the SRs are designed based on the average allowable flux, which depends on
the peak-to-average flux ratio [26]. The peak-to-average flux ratio considered in this study is derived
from the default example of the SolarPILOT software (1.622) [23]. The absorptive area of the SR is
the ratio of the total incident thermal power and the average allowable flux [4]:

. P SR_incident_nom
ASR = -
average_flux

@)

The geometry of the SR can be defined based on the height (Hsg) to diameter (Dgg) ratio,
known as the aspect ratio (AR). For external SRs, the AR ranges from 1 to 2 [26].

Hgg

AR =
Dsg

®)
The analysis of the data of commercial PT plants indicates no definite trend in the selection of
tower height [4-6]. Thus, the present study considers a correlation derived from the data of commercial

PT plants [4].
Hiower = 0-2552-P5R_incident_nom (kwth) +82.60 )

The area of the heliostat field (Agr) is obtained using the following expression:

- P SR_nom
DNTyom-NSR_nom-TISE_nom

Asr (10)
where 7sr_0m is the nominal optical efficiency of the heliostat field.
Figure 3 summarizes the proposed design approach in this study.

2.3. Cost Estimation

The cost estimation must consider the size of the PT plant. Indeed, the specific costs of a 5-MW,
steam cycle are higher than the specific costs of a 100-MW, steam turbine (effect of scaling up) [27,28].
Similarly, the specific costs of 1000 heliostats are higher than the specific costs of 1,000,000 heliostats
(effect of the production chain and project size). This is also true for the specific costs of the TES [29].
Thus, the present study gives particular attention to the influence of scale on the investment costs.

Because there are no recently published cost data for different sizes of PT plants, a practical
approach is used to estimate the investment costs for a given size of the PT plant. The specific costs
of a 100-MW, PT plant, shown in Table 1, are taken as a reference; then, the specific costs of a PT
plant of a size different from 100 MWe are estimated based on a parameter named a cost scale factor
(CSF). The CSF is a measure of the effect of the plant size on the specific investment costs. It is derived



Sustainability 2020, 12, 8708 6 of 16

from the available cost data of utility-scale photovoltaic (PV) plants of 5 MW,, 10 MW,, 50 MW,
and 100 MW, [30]. This is because the heliostat field of the PT plant represents about 40% of the total
costs (there are many similarities between the construction activities of the PV field and the solar
field of the PT plant). In addition, there are many similarities between the civil engineering works,
Engineering, Procurement and Construction (EPC) and owners costs, and contingency of the PV and PT
technologies. As Table 1 shows, civil engineering works, EPC and owners costs, and contingency
represent more than 20% of the total investment costs of a PT plant.

Choose the nominal capacity, the nominal capacity factor, and the location of the PT plant.

¥

Calculate the required number of storage hours, Equation (1).

. 4

Calculate the solar multiple of the solar field, Equation (2).

3

Size the thermal energy storage, Equation (3).

@

Calculate the nominal capacity of the solar receiver, Equation (4).

@

Calculate the dimension of the receiver, Equation (4-8).

&

Calculate the tower height, Equation (9).

¥

Size the heliostat field, Equation (10).

Figure 3. Flowchart of the proposed design approach.

Table 1. Specific costs for a 100-MW, power tower (PT) plant.

Component Unit Value Reference
Site improvement USD/m? 16 [31]
Solar field USD/m?2 140 [31]
Tower structure
and solar receiver USD/Win 152 [32]
Thermal energy storage USD/kWhy, 22 [31]
Power block USD/kW, 1040 [31]
Balance of the PT plant USD/MW, 290 [31]
EPC and Owners Cost % 13 [31]
Contingency % 7 [31]
Operation &
Maintenance O&M fixed USD/kWe-y 66 [31]
cost by capacity
O&M variable cost by
energy produced USD/MWhe 35 (311

Source: Authors.

Figure 4 (left) depicts the CSF as well as the investment costs of typical utility-scale PV plants.
The analysis shows that the specific investment costs of a 5 MW, PV plant are 128% of the specific
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investment costs of a 100-MW, PV plant [30], which confirms the fact that there is a strong impact of
the plant’s size on the specific investment costs. This is also true for the case of all the commercial power
technologies [28,29]. The calculated specific investment costs of PT plants are illustrated in Figure 4
(right). The plants are supposed to have a storage capacity of 13.56 h and are installed in the north
of Chile. The investment costs are calculated considering the sales tax applied in Chile (19%) [33].
The sales tax is applied to 80% of the direct installation costs of the PT plant [30]. The results show that
the specific investment costs of the reference 100-MW, plant are 5786 USD/MWe.. For PT plants of
5 MW,, 10 MW, and 50 MW, the specific costs are 7393.9, 6804.5, and 6161.6 USD/MW,, respectively.

15 T T T T T T T T T 1:9

7400 |
14} 1.4
7100 |

43 6800 f

121 6500

i) I 6200 |

Cost Scale Factor
PT investment costs ($/MWE)
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09T PV investment costs 10
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Figure 4. Specific investment costs of the photovoltaic (PV) technology and cost scale factor (left);
specific investment costs of the PT technology (right).

3. Validation of the Design Approach

Two operational PT plants of different sizes were selected to validate the proposed design
methodology: Gemasolar (19.9 MW,) and Crescent Dunes (110 MW,). The former is located in Almeria,
Spain while the latter is located in Nevada, USA. The two plants use SENER's heliostat HE35 of 120 m?,
88% reflectivity [25], and a total error on the reflected ray of 2.9 mrad [34]. The geometry of the SR
and the tower were calculated using the expressions given in Section 2. Then, they were introduced
in SolarPILOT to estimate the optical efficiency of the SF. The estimated SF optical efficiencies of
Gemasolar and Crescent Dunes are 55.1% and 42.1%, respectively. Table 2 illustrates the input data
used in the validation of the proposed methodology.

Table 2. Input data to design Gemasolar and Crescent Dunes plants.

Parameter Unit Value
Gemasolar Crescent Dunes
Nominal DNI W/m? 900 950
Nominal daily insolation kWh/mz/day 9.5 10
Plant’s nominal capacity MW, 19.9 [35] 110 [36]
Peak flux density kW/m?2 830 [26] 830 [26]
SR aspect ratio - 1.3 [37] 1.136 [4]
Heliostat reflective area m? 115.7 [34] 115.7 [34]
T"ta}llglrirg’srt;’tf the mrad 29 [34] 29 [34]
PB efficiency % 40 [36] 41.8 [38]
TES efficiency % 98.5 [38] 99 [39]
SR efficiency % 89 [38] 89 [38]

Source: Authors.
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A comparison between the predicted and the actual technical design parameters of Gemasolar
and Crescent Dunes is shown in Table 3a,b, respectively. The mean bias error (MBE) is used to measure
the accuracy of the proposed methodology. It is defined as:

m-p
MBE — (—) (11)
m
where m and p are the actual value and the predicted value, respectively.

Table 3. (a) Comparison between predicted and actual design parameters for the case of Gemasolar.
(b) Comparison between predicted and actual design parameters for the case of Crescent Dunes.

(a)
. Actual Data o
Parameter Unit [34,35,37] SolarPILOT Present Study MBE (%)
SR nominal power MWy, 120 (o) 113.1 5.7
SR area m? 269.7 (@) 285.6 -59
SR height m 10.6 (@) 10.9 -2.6
SR diameter m 8.1 () 8.4 -3.2
Tower height m 116 () 111.5 3.9
TES capacity kWhy, 670 * 535.9 20.0
Power incident on the SR MWy, *) 137.1 127.1
Reflective area of the SF m? 304,750 240,600 256,294.4 15.9
Average absolute MBE 8.2
(9) SolarPILOT requires this data as input by the user. (*) Not available.
(b)
Parameter Unit A“g’g‘;gfta SolarPILOT  PresentStudy ~ MBE (%)
SR nominal power MWy, 540 (o) 627.0 -16.1
SR area m? 1105.28 (@) 1254.0 -13.5
SR height m 20 (0) 21.3 -6.5
SR diameter m 17.6 (=) 18.7 -6.5
Tower height m 220 (=) 242.6 -10.3
Reflective area of the SF m? 1,197,148 126,920 1,345,867 -124
Average absolute MBE 9.3

(9) SolarPILOT requires this data as input by the user. (*) Not available

Source: Authors.

The average relative absolute MBE in the estimation of the design parameters of Gemasolar
and Crescent Dunes is 8.2% and 9.3%, respectively. The proposed methodology has shown good
agreement with SolarPILOT in the prediction of the power incident on the receiver.

Overall, the uncertainty of the proposed methodology in the estimation of the design parameters
of the SR and the tower height is less than its uncertainty in the estimation of the design parameters of
the storage and the solar field. The relative MBE in the estimation of the geometric design parameters
(height and diameter) of Gemasolar’s receiver is 2.9%. The height of its tower is also estimated with
good accuracy (relative MBE = 3.9%). For the case of Crescent Dunes, the relative MBE in the estimation
of the geometric design parameters of the receiver is 6.5%. Due to the complexity of the optical
modeling of the heliostat field, the methodology showed less accuracy in the estimation of its total
reflective area. The relative MBE in the estimation of the reflective area of the solar field for the case of
Gemasolar and Crescent Dunes is 15.9% and 12.4%, respectively.

4. Application of the Methodology to Design PT Plants for the Mining Industry in Chile

4.1. Data of the Selected Location

Recent studies reported that the cost of energy represents 20%—40% of the total costs of mining
operations in Chile [40]. This is mainly due to the continuous decrease in the grade of ore [40].
Considering that the most important mining industries in Chile are situated in areas with high radiation
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levels, PT plants have the potential to be an attractive and sustainable source of electricity. For these
reasons, a mining operation located in the Atacama region in the north of Chile was selected to show
the potential of the proposed methodology in the design and cost estimation of PT plants. The idea
is to design PT plants to produce electricity for mining facilities, including copper, iron, and lithium
facilities. This section provides a general insight into the performance and the costs of the integration
of PT plants into the mining industry.

In addition to a real case (a copper mining process that requires 43 MW,), four typical PT plants
of 10 MW,, 20 MW,, 50 MW,, and 100 MW, were considered.

The geographical coordinates and the solar resources at the selected site are given in Table 4.
The solar radiation data were taken from the Chilean solar explorer [41]. The daily average direct
insolation during January was taken as the nominal daily value.

Table 4. Data of the selected site (including information about the real studied case).

Data Unit Value
Mining process’s nominal power kW, 43,000
Operation - 24 h/7 days
Province, Region - Copiapd, Atacama
Latitude, Longitude, Elevation °/°/m —27.53/-70.31/698
Peak measured DNI W/m? 1047
Daily average DNI during January kWh/m?/day 10.93
Yearly DNI kWh/m? 3296

4.2. Design of the PT Plants

The complete design parameters of the designed PT plants are given in Table 5. The nominal
and annual performance of the PB, the TES, and the SR, given in Table 6, were taken from Reference [38].
A peak solar flux of 830 kW/m? [26], an aspect ratio of 1.22 [23], and a peak-to-average flux ratio of
1.622 [23] were considered. The geometry and the optical proprieties of the heliostat are those used
by the National Renewable Energy Laboratory (NREL) [31,32] to estimate the costs given in Table 1.
The heliostat is 12.2 x 12.2 m, and has a reflective surface ratio of 97% and a mirror reflectivity of
94% [23]. The optical efficiency of the SF depends strongly on the latitude of the site [42]. The nominal
and annual optical efficiencies of the SF, shown in Table 7, were obtained using the same approach
highlighted in Section 4.

Table 5. Design data of the considered PT plants.

Component Unit II\,/[mmg 10 MWe 20MWe 50 MWe 100 MWe
rocess
Nominal power of the PB MW, 43 10 20 50 100
Number of storage hours Hour 13.56 13.56 13.56 13.56 13.56
Solar multiple - 2.30 2.30 2.30 2.30 2.30
SR nominal power MWy, 236.33 54.96 109.92 274.80 549.60
SR intercept power MW, 265.54 61.75 123.51 308.77 617.53
SR absorptive surface m? 519.01 120.70 241.40 603.50 1206.99
SR diameter m 11.64 5.61 7.94 12.55 17.75
SR height m 14.20 6.85 9.68 15.31 21.65
Tower height m 142.91 96.63 110.65 152.73 222.86
Capacity of the TES MWhy, 5758.29 1339.14 2678.27 6695.68 13,391.37

Reflective area of the SF m? 374,621.8 81,578.35 167,322.4 430,519.3 871,213.4




Sustainability 2020, 12, 8708 10 of 16

Table 6. Nominal and annual efficiencies (%) of the solar receiver (SR), the thermal energy storage
(TES), and the power block (PB) of PT plants [38].

Receiver Storage PB

Nominal Annual Nominal Annual Nominal Annual
90 78.6 98.5 99.6 41.83 41.0

Table 7. Nominal and annual optical efficiencies of the solar field (SF).

PT Plant Nominal Annual
Mining process
(43 MW,) 67.7 61.6
10 MW, 72.3 63.9
20 MW, 70.5 64.0
50 MW, 68.5 62.7
100 MW, 67.7 62.2

To ensure a nominal capacity factor of 100%, a storage capacity of 13.56 h is required, which results
in a solar multiple of 2.30. The nominal power of the SR ranges from 54.96 MWy, for the case of
10-MW, plant to 549.60 MWy, for the case of 100-MW, plant. The PT plant designed for the actual
mining process requires an SR of 14.20 m height x 11.64 m diameter, a tower of 142.91 m, a TES of
5758.29 MWhy,, and an SF of 374,621.8 m? reflective area.

4.3. Economic Indices

A complete analysis of the design and cost estimation requires the calculation of the economic
indices. Among the most important economic indices are the levelized cost of electricity (LCOE),
the total life cycle charges (TLCC), the simple payback period (SPB), and the internal rate of return
(IRR). To assess the feasibility of the PT plants, yearly analysis during the whole lifetime of the PT
plant is the best approach [43]. The method used herein is based on yearly discounted cash flows,
considers the degradation in the performance of the components, and accounts for the inflation in
the Operation& Maintenance (O&M) costs [43].

The TLCC is commonly used to compare various power plants of different sizes, which is the case
of the present study. The following expression is useful to calculate the TLCC:

TLCC = I — (Tc.PVpep) + PVoum(1 = T¢) (12)

where [ is the initial investment, T¢ is the corporate income tax rate, PVpgp is the present value of
depreciation, and PV, is the present value of O&M costs. The O&M costs in year zero are inflating at
a yearly inflation rate of services.
The LCOE is the ratio of the TLCC and the discounted produced energy.
TLCC

LCOE = ———— (13)

n=1 (1+d)n

where E, is the energy generated in year 1, d is the nominal discount rate, and L is the operation
duration of the PT plant.
The nominal discount rate is a function of the inflation rate and the real discount rate.

d={1+4d,)(1+1i)}-1 (14)

where d, and i are the real discount rate and the inflation rate, respectively.
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The energy produced each year (E;) is calculated taking into consideration the average yearly
degradation rate.
Eyn = Eyoa(1—dr) (15)

The degradation rate (dr) represents the annual reduction in the production of the PT plant due to
the decrease in the optical proprieties of the reflective surface of the heliostat field, the accuracy of
the tracking and control system, the selective coating of the solar receiver, the effectiveness of the heat
exchangers, and the efficiency of the component of the steam cycle, among others.

The energy produced during the first year is calculated considering the annual solar resources
(given in Table 4) as well as the annual performance of each component of the PT plant (given in
Tables 6 and 7).

Table 8 illustrates the main input data used to calculate the economic indices. The construction
and the operation periods are two years and 25 years, respectively. The depreciation method used
in this study is based on the approach recommended by the US Internal Revenue Service [43].
Both the straight line (SL) and double declining balances (DB) depreciation models are calculated.
The annual depreciation switches from DB to SL in the year in which SL provides a larger allowance
than that of DB. The real discount rate corresponds to the value recommended by the NREL for
immerged technologies.

Table 8. The input data of the economic assessment.

Parameter Value Unit
Construction period 2 Years
Operation period 25 Years
Depreciation period 5 Years
Inflation rate 2.30 [32] %
Inflation of services 1.00 [32] %
Real discount rate 2.50 [42] %
Sales tax 19 [33] Y%
Degradation rate 0.75[27] %
Average costs of electricity (period 2019) 98.29 [44] USD/MW,
Average yearly inflation in the prices 1[45] %

Source: Authors.

Table 9 summarizes the key economic indices. The total cost of the PT plant for the actual mining
process is about 338.26 million USD, which represents 125% of the investment costs. Because of
the high TLCC, the SPB ranges from 16 to 19 years. The PT plant that is designed for the actual
mining process has an SPB of 17 years. This confirms that solar investors should be attracted by
long-term power purchase contracts to reduce investment risks [30]. The IRR is commonly used by
investors to assess the viability of the project by comparing the IRR of the project with a “hurdle rate”.
The nominal discount rate in the present analysis is 4.86%. If this value is considered the hurdle rate
and the electricity prices remain constant during the lifetime of the PT plant, then the investor will
decide to invest his/her money in a 100-MW, plant.

Table 9. Economic indices of PT plants.

PT Plant TLCC SPB IRR LCOE
Unit Million USD Year % USD/MW,
Mining process 459 17 1.55 143
10 MWe 115 19 0.77 156
20 MWe 225 18 0.94 153
50 MWe 525 17 1.74 140

100 MWe 994 16 2.37 131
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5. Sensitivity Analysis

A sensitivity analysis was carried out to investigate the influence of the technical and financial
parameters on the performance of the PT plants. Figure 5 shows the variation of the dimensions of
the SR as a function of the nominal power of the PT plant. As can be seen, there is a logarithmic relation
between the dimensions of the SR and the nominal power of the PT plant.

21+t £
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[}
T

—
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Diameter
= == = Height

Dimensions of the receiver (m)

0 10 20 30 40 50 60 70 80 90 100
Nominal power of the PT plant (MW@)

Figure 5. Variation of the geometric design parameters of the solar receiver as a function of the nominal
power of the PT plant (left).

Figure 6 (left) shows the variation of the absorptive surface of the SR with the allowable heat flux.
A 50-MW; plant is taken as an illustrative example (even for the results illustrated in Figures 7-9).
The allowable heat flux depends on the thermal and mechanical properties of the materials used to
build the SR. The higher the allowable heat flux, the lower the SR’s absorptive surface and the higher
its surface temperature. The SR’s absorptive surface could be decreased from 603.5 m? to about 200 m?
by increasing the allowable heat flux of the current commercial PT plants to 1600 kW/m?2. This could

result in a significant cost reduction, but it requires the use of new materials that perform well under
high heat flux.

1100
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Figure 6. Variation of the solar receiver’s absorptive surface with the average allowable flux.
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Figure 9. Influence of the price of electricity on the SBP (left) and the IRR (right).

The influence of the operation period and the depreciation period on the LCOE is shown in
Figure 7. If the operation period is increased from 25 to 30 years, the LCOE decreases from 140 to about
132 USD/MWh, which represents a cut of 5.7%. The depreciation period influences the LCOE. As Figure 7
(right) illustrates, the longer the depreciation period, the higher the LCOE. When the depreciation
period is as long as the operation period, the LCOE increases to 151 USD/MWh. This value is 8%
higher than the one obtained when the depreciation period is five years (140 USD/MWh).
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Figure 8 illustrates the influence of the degradation rate and the discount rate on the LCOE.
The results show that the degradation rate has a critical influence on the LCOE. The considered average
degradation rate in Section 4 is 0.75%, which corresponds to a LCOE of 140 USD/MWh. If this value
is doubled (1.5%), the LCOE increases to reach more than 150 USD/MWh. High degradation rates
could raise the LCOE and jeopardize the viability of the solar power project. Indeed, if the average
degradation rate reaches 5%, the LCOE jumps to 208.3, which represents an increase of 49% compared
with the reference case (degradation rate of 0.75%).

The real discount rate has also a strong influence on the LCOE. As Figure 8 (right) illustrates,
if the real discount rate is 10%, the LCOE reaches 253.6 USD/MWh.

Figure 9 shows the influence of the price of electricity on the SPB and the IRR. The SPB decreases
sharply with the increases of the electricity price. To reduce the SPB to eight years, it is necessary
to raise the electricity price to 200 USD/MWh. In addition, an SPB shorter than five years requires
electricity prices higher than 300 USD/MWh. This is mainly related to the high specific investment
costs of the PT technology. The IRR increases with the increase in the electricity price. It is about 2%
for electricity prices around 100 USD/MWh. To reach an IRR of 10%, the electricity prices should be
around 200 USD/MWh.

6. Conclusions

A practical methodology has been proposed for the design and cost estimation of commercial PT
plants. The design approach was validated through a comparison of the predicted design parameters
with the actual technical data of two operational PT plants of medium- and large-scale sizes. The average
absolute mean bias error in the prediction of the complete design of the PT plants is 8.75%.

The investment costs were estimated taking into account the scale effect. The results showed that
the plant size has a strong influence on investment costs. The specific investment costs of 5, 10, 50,
and 100 MW, are 7393.9, 6804.5, 6161.6, and 5786 USD/MW,, respectively.

The proposed methodology was applied to design and estimate the costs of six PT plants in
the range of 10-100 MW, for integration into the mining industry. The economic assessment indicates
that the TLCC of the PT plant represents 125% of the investment costs, which results in a long SPB.
The SPB of the PT plants ranges from 16 years for a 100-MWe plant to 19 years for a 10-MW, plant.
The LCOE decreases as the size of the PT increases, from 112.89 USD/MWh for a 10-MW, plant to
95.28 USD/MWh for a 100-MW, plant.

The sensitivity analysis showed that the allowable heat flux has a strong influence on the size of
the solar receiver. In addition, the degradation rate and the real discount rate have a crucial impact on
the viability of solar power projects.

The proposed methodology is universal, since it has the potential to provide the key information
for prospective analysis of the implementation of any PT plants with cylindrical receivers.
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