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Abstract. This study presents a comparison of the main approaches used for obtaining the design point direct normal
irradiance (DNI), a fundamental input for the design and simulation of concentrated solar power (CSP) plants, aiming
to assess its impacts on the facility’s technical and economic performance. The software System Advisor Model (SAM) is
used for parametric analysis and estimation of the levelized cost of energy (LCOE) and the capacity factor (CF) under
different design point DNIs. The first method appraised defines the design DNI as the solar irradiance at noon of the
summer solstice, the second at noon of the spring equinox, and the third at noon of the autumn equinox. In addition
to these conventional methods, the average value of the daily maximum irradiances and a methodology based on the
frequency distribution of the TMY were considered as selection methods. The analysis was carried out for plants with a
rated electric output of 125 MWe and 7 hours TES capacity at different locations with CSP projects in operation or under
development worldwide. In general, it was found that the solstice and equinox-based methods result in considerable
variability in the design DNI for both tropical and temperate zones, which led to a higher dispersion for the resultant
LCOEs and CFs, and also made some simulations unfeasible. In contrast, the TMY-based methods resulted in a smaller
spread. Despite that, the calculated LCOEs were not very sensitive to method change, with a slight advantage for the last
methodology. At the same time, it brought a stronger influence to the CF, which was higher for the methodologies based
on the whole TMY because of the higher optimized SMs for such locations. This study’s importance lies in comparing
these methods to fill a gap in the literature, which can guide their choice for future CSP simulations.

Keywords: Design point direct normal irradiance, Parabolic trough collector, Concentrated solar power, System Advisor
Model

1. INTRODUCTION

The need to generate electricity for the ever-growing energy consumption while shifting the energy matrix to a more
diverse and sustainable generation is one of humanity’s vital global challenges. Solar thermal power generation, also
known as concentrated solar power (CSP), is a renewable energy technology that collects the heat of concentrated and
absorbed solar radiation. It can generate electricity at a base-load through the association of a thermal energy storage
(TES) and/or hybridization with biomass or natural gas. Also, through these associations, solar thermal power plants can
have high generation flexibility decoupling generation from the solar resource availability. Solar thermal power plants
may use one of the commercially available CSP concentration technologies such as parabolic trough concentrators (PTC),
linear Fresnel concentrators (LFC), and solar power tower (SPT), also called central receiver. The PTC stands out as the
most mature technology and is widely used on existing CSP plants worldwide (Fuqiang et al., 2017).

The implementation of new CSP projects requires assessing the project’s technical and economic viability. For such
evaluation, it is necessary to simulate the plants as precisely as possible. Before this, a critical step is the design and sizing
of the plant’s solar field. Proper sizing of the solar field is essential because it represents the most significant cost involved
in such a enterprises, accounting for 40% to 50% of the total investment (IEA, 2014). Consequently, it directly affects the
plant’s output and its electricity revenue.

Optimum solar field sizing requires choosing appropriate values for three relevant parameters: the design point direct
normal irradiance (DNI), the solar multiple (SM), and the TES capacity. The SM is the ratio between the thermal power
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produced by the solar field at the design point DNI and the thermal energy required by the power block at nominal
conditions. The TES capacity is the time of continuous nominal generation the storage can provide. Hence, the optimum
solar field size is achieved when the plant operates at nominal conditions for the maximum time during the year, while
producing electricity at the lowest price possible. Suppose the combination of the relevant parameters is not correctly
chosen. In that case, when selecting a low design point DNI, the solar field may be oversized. As a result, it may absorb
more thermal energy than it is possible to use or store, needing to dispose of useful energy. When selecting a high design
point DNI, the solar field may be undersized, leading to fewer hours of nominal condition operation through the year
(Sharma et al., 2016).

In the literature, different approaches are taken to determine the best design point DNI. The most common and simple
practice is to select the radiation at the solar noon on a specific date, like the solstices or equinoxes. However, this kind of
method does not consider the yearly distribution of the radiation throughout or consider the economic impact this design
choice can have. To fill the gap of design DNI selection criteria, Quaschning et al. (2002) performed solar field size
optimizations for minimum levelized cost of energy (LCOE), and proposed the optimum design radiation for parabolic
trough CSP plants should be located in the range of 55% to 60% of the cumulative frequency distribution of the hourly
non-null radiation. More recently, Chen et al. (2018) analyzed the combined effects of the required solar field sizing
parameters in the techno-economic performance of a SPT CSP plant with TES in different regions of China. They tried
to determine the relationship between the optimum sizing parameters and the solar resource. As a result, they found
the higher the design DNI, the higher the related optimum SM. They also found the optimum TES capacity is directly
dependent on the design point DNI and SM employed (low design DNI or high SM results in the increase of the optimal
TES capacity). The results obtained placed the optimum design DNI for solar tower solar field in the range of 25% to
28% of the cumulative frequency distribution of the hourly non-null radiation.

Taking into account the design point DNI is a crucial design parameter, since it should represent the yearly solar
resource distribution and availability. The present work focuses on the preliminary analyses of different design point DNI
specification methods to unravel which one leads, more consistently, to better techno-economical results. The presented
research is done for a typical PTC power plant on different sites worldwide, to identify the relationship between the design
point DNI, the yearly solar radiation distribution, and the plant’s annual performance.

2. DESIGN POINT DNI SPECIFICATION

The design point is the state in which the thermal power generated in the solar field is enough to keep the power
block working on full-load conditions and store a fixed surplus of thermal energy for later use. This state is defined by
a representative day and hour, the available DNI in this instant, and other weather conditions such as the solar position,
the ambient temperature and wind speed. The design point is the base for the specification of the solar field size, TES
capacity, the power plant’s annual power output, the plant equipment’s efficiency etc, and also the relationship among
these crucial factors (Wang, 2019).

Defining the design point condition is, therefore, a prerequisite to designing the CSP power plant. Several studies in
the literature don’t use a specific method to determine the design DNI. They opt without any clear methodology for a
round value like 700 W m-2 or 950 W m-2. On the other hand, it is also a common practice to take the solar noon of a
typical day (such as the spring equinox, autumnal equinox, or summer solstice) and the DNI at this moment, the annual
mean ambient air temperature, and the local annual mean wind speed as design point conditions (Wang, 2019). The
selection of the design DNI by a typical day has different supporting reasons. For temperate locations (23.27° < |latitude|
< 66.56°), the solar noon of the summer solstice is the date with minimum optical losses, given the declination angle is
at its maximum. Similarly, at the solar noon of the spring or autumn equinox the optical losses are reduced for tropical
locations (|latitude| < 23.27°), especially those closer to the Equator. However, despite being the most widely employed
technique, defining the design DNI only by a date and time does not consider the location’s weather conditions. Even
with ideal the solar alignment, there is a considerable risk the solstice and equinoxes coincide with high cloudiness and
precipitation periods. The DNI in such circumstances would be underrated, making it an inadequate yearly representation
and leading to poor design results.

To avoid the previously mentioned downsides, other methods take in consideration the DNI distribution during the
whole year to select the design irradiance. The first alternative methodology focuses on adopting the mean value of the
daily maximum irradiance as design. The reasoning behind this method is that it carries the information of all days in
the year and, therefore, using it as design parameter would result in a more reasonable solar field not too oversized or
undersized. The second alternative is the use of the DNI on a given fraction of the cumulative frequency distribution as
design irradiance. The determination of this percentage is coupled to the specific CSP technology and plant conceptual
design. As consequence, this method yields better results when the specific percentage of the cumulative frequency
distribution is obtained through the wide optimization of the solar field key design parameters of a given CSP technology.
Quaschning et al. (2002) obtained such percentage after optimizing a parabolic trough solar field located in Spain, while
Chen et al. (2018) came to find such percentage after optimizing a SPT heliostat solar field located in China. Other
examples from the sited methodologies can be found in Tab. 1.
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Table 1. Review of CSP simulation studies. The design point DNI adopted and the method for its specification are
presented alongside their scope.

Method/Author(s) Design point Study scopeDNI [W m−2]
Summer solstice
Leiva-Illanes et al. (2017) 1010 Exergetic cost analysis of solar thermal polygeneration plant
Binotti et al. (2017) 967 Analysis of supercritical CO2 in SPTs
Hou et al. (2015) 910 Solar thermal assisted coal-fired plant performance analysis
Montes et al. (2009a) 900 Analysis of the performance of a DSG plant as a function of its solar mani-

fold
Montes et al. (2009b) 850 Optimization of solar manifold
Marugán-Cruz et al. (2019) 850 Performance analysis of PTC plants with and without TES
Hou et al. (2011) 818 Performance analysis of biomass power plant with solar thermal assistance
Spring equinox
Cardemil and Colle (2010) 775 Economic analysis for a PTC facility in Bom Jesus da Lapa, Brazil
Liu et al. (2016) 765 Performance analysis of two hybrid solar-biomass plants
Mohammadi et al. (2020) 765 Innovative SPT model associated with gas turbines using supercritical CO2

Autumn equinox
Palenzuela et al. (2011) 850 Evaluation of different configurations of PTC plants and desalination plants

for arid regions
Bai et al. (2017) 682 Design of hybrid solar biomass plant
Average daily maximum
Milani et al. (2020) -∗ Thecno-economic analisys for the main CSP technologies for Brazilian lo-

cations
Velasquez et al. (2020) -∗ Competitiviness analysis for PTC plants in Brazil
Optimization
Desai and Bandyopadhyay (2015) 600 Optimization of PTC-based for a 1 MWe solar thermal power plant
Quaschning et al. (2002) 55-60%∗∗ Optimization of PTC solar field input variables using Greenius
Chen et al. (2018) 25-28%∗∗ Determination of key parameters for sizing the heliostat field and TES in

SPT power plants
Desai et al. (2014) -∗ Optimization of design point DNI for PTC and LFR plants without hy-

bridization and storage
Sharma et al. (2016) -∗ Analysis of the effect of design parameters on the performance of linear

solar concentrators plants in India
Liu et al. (2018) -∗ Proposition of a critical design point DNI for PTC plants
El Hamdani et al. (2021) -∗ Use of artificial neural networks for optimizing a PTC solar field input vari-

ables
Cummulative DNI
Cardemil and Colle (2010) 850 Economic analysis for a PTC facility in Bom Jesus da Lapa, Brazil
Burin (2015) - Design of hybrid solar-biomass plants for the sucroalcoholic sector
Almeida (2018) - Optimization of design point DNI for CSP power plants without storage
Non-specified
Cabello et al. (2011) 1000 Optimization of PTC plant solar field with generic algorithms
Casella et al. (2014) 1000 Optimization of solar tower plant operation
Mihoub et al. (2017) 1000 Parameter optimization for CSP plant in Algeria
Moghimi et al. (2017) 1000 Optimization of central tower solar field
Boukelia et al. (2015) 950 Investigation of PTC plants with and without storage
Cocco et al. (2016) 900 Dispatch improvement of CSP-PV hybrid plant
Bellos et al. (2018) 900 Solar Biomass Hybrid polygeneration cycle analysis
Abbas et al. (2012) 850 Concentrator design LFR
Khalid et al. (2015) 850 Energy and exergetic analysis of hybrid solar biomass polygeneration plant
Pantaleo et al. (2020) 850 Techno-economic analysis of hybrid solar biomass plant combined with a

Brayton and ORC cycle
Hou et al. (2016) 800 Solar thermal assisted coal-fired plant evaluation method
Milani et al. (2017) 750 Hybrid gasified biomass solar plant in Brazil
Morais et al. (2020) 700 Energy and exergetic analysis of hybrid solar biomass ORC plant
Malagueta et al. (2014) 689 Impacts of introducing CSP energy in the Brazilian electric grid
Oyekale et al. (2020) 501 Exergetic and exergoeconomic analysis of hybrid solar biomass ORC plant
∗ Multiple locations addressed.
∗∗ Percentage of the DNI frequency distribution.
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Besides the use of specification methods, many studies focus on widely optimizing all key design variables at the same
time, including the design DNI. Even though it may lead to better design outcomes, this methodology is more complex
and highly site and technology dependent. It also requires more time and computational processing power not being
practical for more simple analysis. An example of this method is the work of El Hamdani et al. (2021). They used an
artificial neural network to find the optimum values for the design parameters.

3. CSP PLANTS SIMULATION

Following the explanation of the previous sections, this study aimed on comparing the performance of a typical PTC
CSP plant with solar field sized using the following design point DNI definition methods: a) DNI at solar noon of the
summer solstice; b) DNI at solar noon of the spring equinox; c) DNI at solar noon of the autumn equinox; d) average
daily maximum DNI; e) 90% of the cumulative DNI frequency distribution.

The considered CSP plant, presented in Fig. 1, is composed of a PTC solar field, using synthetic oil as heat transfer
fluid (HTF), a TES with molten salt as heat storage media and a typical Rankine cycle power block. No auxiliary boiler
was considered. According to (NREL, 2021), this is the most mature and widely used configuration with energy storage
commercially available. The plant capacity and TES autonomy were specified to represent the most current PTC plants.
According to the SolarPACES database (NREL, 2021), there are 21 PTC plants under construction or development stages,
with a average net electric output around 125 MWe and 7 full-load hours of storage capacity. The main plant parameters
can be found in Tab. 2.

Figure 1. CSP power plant subsystems: solar field, piping, two-tank indirect TES, auxiliary heater, and the power block.
Retrieved from Wagner and Gilman (2011).

Table 2. Plant design conditions.

Parameter Value Unit
Solar field
Collector SkyFuel SkyTrough -
Receiver tubes Schott PTR80 -
Heat transfer fluid Therminol VP-1 -
Loop inlet temperature 295 °C
Loop outlet temperature 395 °C
Thermal energy storage
Heat storage media HITEC Solar Salt -
Configuration Two-tank indirect -
Storage capacity 7 h
Power block
Turbine gross output 138.89 MWe

Turbine net output 125.00 MWe

Turbine inlet pressure 100 bar
Cycle thermal efficiency 35.6 %

The modeled plant was simulated for nine strategic locations with solar power generation projects in operation, under
development or in the planning stage. The list of the considered locations, their coordinates and the respective solar power
generation projects can be found in Tab.3. Furthermore, each location considered can be visualized in the DNI distribution
world map of Fig.2.
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The simulations were performed using the System Advisor Model (SAM) software, designed by the United States
National Renewable Energy Laboratory (NREL, 2020). The models chosen were the "Physical Trough" for performance,
and "Power Purchase Agreement - Single Owner" for financing. The typical meteorological year (TMY) of each loca-
tion was acquired at the free-access and NREL recommended weather data repositories EnergyPlus, Austela, and Cli-
mate.OneBuilding. The main meteorological data of each location considered can be found in Tab. 4. All costs and
financial parameters followed SAM’s default values, as described by Turchi et al. (2019).

Table 3. CSP projects at the locations addressed. Based on NREL (2021).

Location Coordinates [°] Project Capacity [MW] Status
AU: P. Augusta -32.51 137.71 Aurora Solar Thermal Power 125 (SPT) Development
BR: B.J. da Lapa∗ -13.27 -43.42 -∗∗ - -
CH: Calama∗ -22.47 -68.93 Cerro Dominador 110 (SPT) + 100 (PV) Operational
CN: Delingha 37.37 97.37 Delingha Thermal Oil Parabolic Trough 125 (SPT) Operational
EG: Hurghada 27.18 33.80 Hurghada Solar Power Plant 20 (PV) Operational
IN: Anantapur 14.65 77.55 Megha Solar Plant 50 (PTC) Operational
PT: Évora 38.54 -7.89 Évora Molten Salt Platform 3.4 (PTC)∗∗∗ Demostration
SA: Kathu -27.67 23.00 Kathu Solar Park 100 (PTC) Operational
US: Blythe 33.61 -114.58 Genesis Solar Energy Project 250 (SPT) Operational
∗ Bom Jesus da Lapa, Brazil, and Calama, Chile, are the only locations at the tropical zone.
∗∗ There are no CSP projects in Bom Jesus da Lapa. However, among the Brazilian sites with high-quality meteorological data, it presents

the highest annual direct normal irradiation, available in Tab. 4.
∗∗∗ The pilot plant in Évora, Portugal, has a capacity of 3.4 MWth.

Figure 2. Distribution of the daily direct normal irradiation around the world, with emphasis on the locations addressed.
Adapted from ESMAP (2019).

Table 4. Relevant meteorological condition of the locations addressed.

Parameter AU BR∗ CH∗ CN EG IN PT SA US Unit
Ann. dir. norm. irradiation 2456 2198 2496 1907 2509 1832 1811 2401 2893 kWh m−2

Ann. dif. horiz. irradiation -∗ 672 699 693 582 835 611 650 453 kWh m−2

Average ambient temperature 19.6 26.1 13.6 4.8 25.3 26.5 16.2 11.1 24.1 °C
Average wind speed 5.3 1.6 7.3 2.1 6.1 2.8 3.5 3.1 2.3 m s−1

∗ Not available at the TMY.

Such models were employed in CSP plants annual simulations, according to the following steps. First, the design
point DNIs were obtained for each pair of location and specification method, totaling 45 runs. Then, parametric analysis
were performed to identify the SM which results in the lowest LCOE for each combination of location and desing point
DNI. The SM is defined as the ratio between the solar field area and the area required to power the power block under
nominal conditions. It can also be interpreted as the ratio of the actual thermal power supplied by the solar field (Q̇SF ) and
the power required to operate the power block at nominal load (Q̇PB,ref ). In Eq. (1), Ėgross is the facility net electric
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Figure 3. Design point DNI from the different specification methods.

power, ηth is the power block thermal efficiency and ηmec is the mechanical-to-electric efficiency.

SM =
Q̇SF

Q̇PB, ref
=

Q̇SF(
Ẇgross
ηthηgen

) (1)

This kind of simulation can be performed in the "Parametrics" section of the software and works as multiple simu-
lations for a array of input variable. The parametric simulation was performed with the SM as input and the LCOE and
annual electric generation as output. Obtaining the electric generation is a necessary step to determine the plants capacity
factor (CF). It represents the ratio between the actual annual eclectic generation (Eann;net) and the maximum total electric
output for the plant’s given capacity (PPB). It is described by Eq. (2).

CF =
Eann,net
8760PPB

(2)

A similar procedure can be found in Marugán-Cruz et al. (2019) study, which performed a parametric analysis varying
the SM and the TES capacity for an LFR plant with a 50 MWe DSG and a TES system using two concrete storage modules
and a phase change material (PCM) unit located in Seville, Spain. In addition, such methodology is also used by Agyekum
and Velkin (2020), who evaluate 100 MWe SPT and PTC plants in Ghana.

The LCOE, in turn, represents the cost of the electricity revenue required to build and operate a facility over a specified
investment recovery period (N ). At this point, the net present value (NPV) is zero. It depends on the plant’s annual net
costs (Ci), the real discount rate (dr), the nominal discount rate (dn), and the yearly net electric output (Ei).

LCOE =

∑N
i=0

Ci

(1+dn)i∑i
i=1

Ei

(1+dr)i

(3)

4. RESULTS AND DISCUSSION

The following are the main results obtained using the methodology presented in section 3.
From the results presented in Figs. 4 to 6, it is possible to notice the absence of some values for the solstice and the

equinox-based methodologies: the summer solstice for Delingha, the spring equinox for Bom Jesus da Lapa and Delinhga,
and the autumn equinox for Anantapur and Blythe. This happens due to the low irradiance recorded at these locations
during these periods, insufficient to allow SAM simulations or obtain coherent results, which reinforces the alternatives
based on the entire time series, and not only on a specific time and date of the year.

There are two sites located in the tropical zone and nine in the temperate zone. The smaller number of locations in the
first zone reflects the smaller amount of land situated between the tropics of Cancer and Capricorn. Analyzing the sites
according to this classification, also presented in Tab. 4, it becomes apparent the equinox-based methods are not effective
in all cases, even though they provide the plant sizing under lower optical losses, resulting in inconsistent data for Bom
Jesus da Lapa during the spring equinox. Similarly, for sites in the temperate zone, the summer solstice-based method
does not allow simulations for Delingha.



26th ABCM International Congress of Mechanical Engineering (COBEM 2021)
November 22-26, 2021, Florianópolis, SC, Brazil

AU
P. Augusta

BR
B. J. da Lapa

CH
Calama

CN
Delingha 

EG
Hurghada

IN
Anantapur

PT
Évora

SA
Kathu

US
Blythe Average

Location

1.0

1.5

2.0

2.5

3.0

3.5

4.0
So

la
r m

ul
tip

le
  

SM
 [-

]

2.
0

2.
8

2.
4

2.
2

2.
0

2.
5

2.
2

2.
1

2.
4

2.
1 2.

2

1.
6

2.
8

2.
0

2.
4

2.
2

2.
8

2.
1

2.
8

2.
2

1.
7

2.
3

2.
1

2.
4

2.
2

2.
7

2.
3 2.

4

2.
2

2.
4

2.
2

2.
4

2.
7

2.
2

3.
0

2.
2

2.
7

2.
5

2.
4

2.
4

Summer solstice
Spring equinox
Autumn equinox
Average daily maximim
90% cumulative non-null

Figure 4. SM results. The rightmost values represent the mean SMs obtained for each method, as well as their standard
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Figure 5. CF results. The rightmost values represent the mean CFs obtained for each method, as well as their standard
deviation.

On the other hand, when estimating the design DNI with the TMY-based methods, it is possible to obtain coherent
values for all locations, regardless it geographical position, with less dispersion and dependence on the weather conditions
of a specific day, as presented in Fig. 3.. When comparing these two methods, it can be seen the DNI cumulative distribution
tends to underestimate the irradiance, which results, however, in similar averages of LCOE and CF.

In Fig. 5 are presented the CF obtained for the nine sites, and also the average value and its dispersion achieved by
each method. This average cannot be used to directly compare the methods based on one date and those based on the
entire TMY, since with the former it was not possible to simulate all locations.

Similarly, Figure 6 contains the LCOE for each site. In contrast to what was observed for the CF, the LCOE was not
greatly affected by the change of the design point DNI specification method. Furthermore, it is also possible to verify an
inverse relationship between the SM and the LCOE, since the highest SMs result in the lowest LCOES, and vice versa.

5. CONCLUSIONS

In this study, different methodologies for the specification of the design DNI were analysed via parametric simulations
of a PTC CSP plant with rated net capacity of 125 MWe and two-tank indirect TES with 7-hour of capacity. The specifica-
tion methodologies considered are grouped on those based on a specific date and time and those based on the entire TMY.
The proposed analysis was done by comparing the impact of using the different methods on two very important plant
indicators: the CF, which indicates the fraction of the plant’s annual generation achieved, and LCOE, which indicates the
minimum revenue cost of this energy in order to have a return on invested capital.
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Figure 6. LCOE results. The rightmost values represent the mean LCOEs obtained for each method, as well as their
standard deviation.

The findings show the methods based on the equinoxes and solstice can, in fact, result in poor design point DNI,
what made simulations unfeasible. As expected, this outcome indicate the impossibility of universal use of the typical
day methodologies, requiring caution when applied. On the other hand, those methodologies based on the entire TMY
showed consistent results for all investigated sites, with, in general, a lower dispersion of the resulting LCOEs and CFs.

Furthermore, for the methodology that uses the cumulative frequency distribution, the irradiance of 90% was taken as
a reference value, based on the literature. Despite the good results, this metric can still be optimized in order to provide
the highest power generation and profit, or even to result in lower LCOEs.
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