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Abstract

While satellite-based irradiance methods typically offer high confidence levels, they may still show
considerable discrepancies when compared with ground-based measurements. To mitigate this and improve
the reliability of localized generation estimates, satellite data correction techniques (site adaptation) that
integrate short-term ground measurements are employed. This paper proposes a method for enhancing the
linear regression site adaptation method by incorporating solar irradiance band separation and clear-sky
classification index (Kc) analysis. The methodology begins with data acquisition and control. Subsequently, a
site adaptation method is applied, supplemented by a Kc analysis, data segmentation based on solar irradiance
bands and error metrics are calculated for each case. A comparison analysis between a location in Brazil and
in Germany is carried out. In all cases, the proposed methodology was able to significantly improve satellite
bias on solar resource assessment. Additionally, results show that using two years of measured data offers
significant improvements over a one-year period and could enhance the reliability of solar generation long
term forecasts.
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1. Introduction

The technical and financial feasibility of photovoltaic (PV) solar modules is directly related to the assessment
of the available solar resource. Accurate data estimation in the target region is critical for producing reliable
energy generation forecasts. Accurate projections are crucial in energy auctions, as they bolster investor and
financier confidence by minimizing the risks associated with under or overestimation of energy generation.

In Brazil, the Energy Research Company (EPE) establishes technical standards and requirements that solar
power plants must fulfill to achieve certification. Measurement efforts are focused on specific locations in
preparation for energy auction projects and require a minimum data collection period of one year (EPE, 2025).
In Germany, PV yield predictions are legally binding, if they are part of the contract between a solar project
developer and a costumer (Higher Regional Court, Munich, of 1/21/2014). Therefore, precise forecasts are of
great interest to PV project developers. However, a measurement period of one-year may not adequately reflect
the typical meteorological conditions at a given location. In the planning phase of solar PV power plants, it is
essential to account for at least ten years of solar resource data at the site (Mieslinger et al., 2014).

Given this context, the objective of this study is to validate the site adaptation method presented by Polo et al.
(2015) and Aguiar et al. (2019) to Brazil and Germany. Additionally, the clear-sky index analysis proposed by
Aguiar et al. (2019) will be applied, alongside the method proposed by Pinto et al. (2023; 2024), for dividing
the analyses by irradiance ranges is proposed and tested.

2. Data acquisition

Data acquisition for this study was carried out using both satellite data and ground-based measurements. The
analysis period spans a total of six years, from January 1, 2018, to December 31, 2023. This continuity in both
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the measured and satellite data sets, along with the considered temporal resolution (30 min), facilitates the
analysis and comprehension of trends throughout the considered period. The satellite data used in this study
for both locations were obtained from the Solcast® solar irradiance historical data provider
(https://solcast.com/). The methodology and validation of the satellite-derived irradiance dataset from
Solcast® are detailed by Bright (2019).

2.1. Brazil

The measured GHI data were obtained from a Kipp & Zonen pyranometer, model SMP22, installed at the solar
radiation measurement station of the UFSC Solar Energy Research Laboratory (27.43°S, 48.44°W), located in
Florianopolis, Brazil, as shown in Figure 1. For a more detailed and comprehensive description, additional
information is available in Mantelli et al. (2019), which outlines the technical and operational aspects of the
meteorological station's implementation.

Figure 1: UFSC Solar Energy Research Laboratory (a) and its meteorological and solar radiation measurement station (b).
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2.2. Germany

The German irradiance data were obtained from the German Weather Service (DWD), which runs a network
of weather stations throughout Germany. The weather station used for this study is located in southern
Germany (station ID 2638, Klippeneck), and the data can be accessed via the CDC portal (Deutscher
Wetterdienst 2025a). The irradiance is measured using a scanning pyranometer/pyrheliometer (ScaPP), which
was installed at a height of 986 meters above sea level in 2016. A SCaPP differs from a conventional
pyranometer in that it utilizes a small solar cell instead of a thermal sensor (Deutscher Wetterdienst 2025b).
The standardized dataset is described in detail in (Deutscher Wetterdienst 2021) and the quality and uncertainty
of the values are evaluated in (Kaspar et al. 2013).

2.3. Data availability

Figure 2 illustrates the timeline of satellite-derived and ground-based data availability at a 30-minute temporal
resolution.
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Figure 2: Data availability timeline.

3. Methodology

In this study, the linear regression method is employed to estimate correction factors that mitigate the bias
between the two data sets, derived from a scatter plot of ground-based measurements and satellite data. The
points of the linear fit exhibit deviations from the ideal linear regression. The linear regression derived from
the scatter plot between satellite and ground-based data is estimated using the least squares method. These
regression coefficients are applied to achieve an optimal adjustment of the satellite data, as outlined in Equation
(1). Once the corrected satellite data are evaluated over the period of the measured data acquisition, it is
essential to extend the correction to the entire historical data set. This is achieved by generating a scatter plot
between the corrected satellite data and the original satellite data. The updated linear regression coefficients
derived from this relationship are applied according to Equation (2).

gggllite = Ysatelite — [(a —1) = Xground_measured + b] (eq. 1)
?gl%llite = C*Ygatentite + D (eq.2)

For this analysis, the ground-based measurement dataset is divided into different sky classification categories.
The aim is to achieve greater accuracy for clear sky days, as these are the days when the PV system generates
the most energy. Clear sky days were selected based on the Clear Sky Index (Kc), presented by Equation (3).
To calculate the clear sky index, ground-based measured data were used, along with clear sky irradiance
implemented using PVIib library (Jensen et al., 2023). Each sky condition undergoes an independent linear
regression, and the historical dataset is then created by combining these datasets. The Kc classification ranges
(Babar et al., 2019; Smith et al., 2017; Engerer and Mills, 2014) are presented in Table 1. If K¢ > 0.8, it's a
clear-sky; if 0.4 < Kc < 0.8, its intermediate cloudy-sky; and if Kc < 0.4, it's cloudy-sky.

Kc = (Ground Based Measured Irradiation)/(Clear Sky Daily Irradiation) (eq.3)
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Table 1: Kc classification.

Sky condition Kc range
Clear-sky >0.8
Intermediate cloudy-sky 0.4>Kc>0.8
Cloudy-sky 0>Kec>04

This work continues to apply an additional division of the dataset, stratified by irradiance bands (Pinto et al.
2023; Pinto et al., 2024). The measured data are segmented into groups, each corresponding to a 200 W/m?
irradiance interval, ranging from 0 to 1,200 W/m?, resulting in six distinct groups. Following this segmentation,
the linear regression method was independently applied to each group, which, when aggregated, constitutes
the complete historical dataset.

Additionally, two error evaluation metrics were employed in comparing the ground-measured data with the
satellite data adapted for the corresponding analysis period. The Mean Bias Error (MBE) is presented in
Equation (4), indicating the direction in which the model deviates and the Root Mean Square Error (RMSE),
which provides insights into the data dispersion relative to the best-fit line, is presented in Equation (5). To
determine the relative errors, %rMBE and %rRMSE, the absolute errors were divided by the average GHI
values measured on the ground.

1
MBE = N [Z?I:I(GHIsatellite,i - GHIground_measured,i)] (eq. 4)

1 2
RMSE = \/ﬁ [Z?’:1(GHIsatellite,i - GHIground_measured,i) ] (eq. 5)

Figure 3 displays the overview of the methodology.
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Figure 3: Overview of the applied method.

4. Results

In order to evaluate the Kc profile for each site, Figures 4 and 5 illustrate the distribution of days as classified
by the Kc for the measurement period of 2018 throughout 2023 for the analyzed sites in Brazil and Germany,
respectively. The cumulative data for Germany appear relatively constant for Kc values between 0.2 and 0.9.
In contrast, in Brazil, the number of days tends to increase with each 10% increment in Kc values up to 1.0.
At the site in Brazil, clear sky conditions were observed on 48% of the days during the study period, while
intermediate cloudy conditions occurred on 34% of the days, and fully cloudy conditions on the remaining
18%. In contrast, the Germany site experienced clear sky days on 36% of the total, with intermediate cloudy
days making up 43%, and cloudy days accounting for the remaining 21%.
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Figure 4: Distribution of days classified by the Clear Sky Index (Kc) in Brazil for 2018-2023.
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Figure 5: Distribution of days classified by the Clear SKky Index (Kc) in Germany for 2018-2023.

As an exemplification of the method, Figure 6 presents for Brazil (Fig. 6a) and Germany (Fig. 6b) the scatter
plots between the satellite-derived data and the ground-based measurements for the year 2023. For the
Brazilian site, the chart suggests that satellite data tend to overestimate lower irradiance values and
underestimate higher irradiance values. In contrast, for the German site, the satellite data systematically
overestimate irradiance values across the entire range.
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Figure 6. Scatter plots of the available data in 2023 for Brazil (a) and Germany (b).

Figure 7 presents the scatter plots and coefficients of determination (R?) between the corrected satellite-derived
data and ground-based measurements for the methods evaluated at the Brazilian site. The results show that the
R? values vary by no more than 0.01 across the methods, indicating that all approaches exhibit comparable and
satisfactory performance, as R? serves as a statistical measure of the goodness of fit between the model and the
observed data. Additionally, Figure 7(c) (solar irradiance band method) reveals a distinct “step” pattern
occurring at intervals of 200 W/m? along the y-axis.

Figure 8 presents the scatter plots and coefficients of determination (R?) between the corrected satellite-derived
data and ground-based measurements for the methods evaluated at the German site. The results indicate that
the R? values vary by no more than 0.037 across the methods, which is approximately four times the variation
observed for Brazil. Figure 8(c) also exhibits the characteristic “step” pattern. In comparison, the results for
Germany show a greater concentration of data in the range up to 600 W/m?, with only the solar irradiance band
method (Fig. 8c) yielding corrected satellite-derived values exceeding 1,000 W/m?.

1400 1400

R*=0.9629 R?=0.9593
1200

1000

Corrected satellite-derived data
W/m?

Corrected stellite-derived data
W/m?*

0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400

Ground-based measurements ©oy=x Ground-based measurements
* y=x =—Linear Wim? a—inear W/m?
(@) (b)
1400

R>=10.9529

Corrected satellite-derived data

0 200 400 600 800 1000 1200 1400
y=x Ground-based measurements
—] inear W/m?

(©)



G. X. d. A. Pinto et. al. / SWC 2025 / ISES Conference Proceedings (2025)

Figure 7. Scatter plots of the corrected satellite-derived data and the ground-based measurement data in 2023 for Brazil for
the original method (a), Kc classification (b) and solar irradiance bands (c).
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Figure 8. Scatter plots of the corrected satellite-derived data and the ground-based measurement data in 2023 for Germany for
the original method (a), Kc classification (b) and solar irradiance bands (c).

The rMBE and rRMSE values for the investigated site adaptation methods in the analyzed sites in Brazil and
Germany are shown in Table 2 and 3 (best results highlighted) and takes into account a time frame of 1 to 6
years of ground-based measured data.

Table 2. rMBE(%) metrics for each site adaptation method utilized for the collective period spanning 1 to 6 years (best results

highlighted).
Brazil Germany
Year No data Original Kec . Sol.ar No data  Original Ke . Sol.ar
. . . irradiance . . . irradiance
correction method Classification correction method Classification
bands bands
Error rMBE (%)
l(gg‘)’r 1.99 1.04 1.14 0.31 11.26 6.39 6.49 3.22
2 years
(23-22) 0.08 0.75 0.86 0.30 7.64 5.63 5.98 2.92
3 years
(23-21) 0.62 0.68 0.73 0.31 6.29 5.52 6.03 3.11
4 years
(23-20) 0.43 0.67 0.72 0.31 7.00 5.39 6.06 3.25
5 years
(23-19) -0.16 0.57 0.62 0.31 8.07 5.53 6.26 343
6 years
(23-18) -0.88 0.45 0.57 0.32 8.06 5.58 6.32 3.49
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Table 3. rRMSE(%) metrics for each site adaptation method utilized for the collective period spanning 1 to 6 years (best
results highlighted).

Brazil Germany
Year No data Original Ke . Sol'ar No data  Original Ke . Sol.ar
. . . irradiance . . . irradiance
correction method  Classification bands correction method Classification bands
Error rRMSE (%)

1 year 17.49 17.48 17.51 18.77 45.46 42.96 43.02 4530
(23)
Zyears | o069 19,07 19.10 20.41 42.72 42.01 4224 44.33
(23-22)
(32?;?) 20.12 20.50 20.50 21.87 43.48 43.34 43.69 45.77
E‘zgf;gs) 20.19 20.57 20.60 21.98 4441 43.89 44.29 46.42
(szge?;s) 20.17 20.58 20.66 21.99 45.1 44.09 44.49 46.73
fzgefgs) 20.31 20.75 20.89 2241 45.43 44.45 44.83 47.06

For both Brazil and Germany, the rIMBE generally decreased with longer data periods, indicating that extended
datasets enhance estimation accuracy (up to three to four years in Germany). In Brazil, the proposed solar
irradiance bands method yielded the lowest rMBE values, ranging from 0.30% to 0.32%, and remained stable
across all time intervals, showing minimal variation compared to other methods. Similarly, in Germany, this
method achieved the lowest rMBE values, ranging from 2.92% to 3.49%, across the periods analyzed. In terms
of relative Root Mean Square Error (rRMSE), the original method produced the most favorable individual
results for both countries.

5. Conclusion

The objective of this paper was to evaluate the linear regression site adaptation method and to propose a
complementary analysis based on solar irradiance bands. Additionally, the impact of the clear sky index was
assessed. As a case study, two locations, one in Brazil and one in Germany, were analyzed and compared.

The main findings of the study are presented below:

e The observed differences in data dispersion (RMSE) and bias (MBE) between sites can be attributed
to variations in the precision of the irradiance sensors used.

e Extending the data period did not lead to a noticeable reduction in data dispersion (RMSE) in either
case. Because the rRMSE is particularly sensitive to outliers, incorporating additional years of
measurements may introduce interannual variability that maintains, rather than decreases, the overall error
level.

e The proposed method employing solar irradiance bands resulted in lower MBE values when compared
to other methods, demonstrating the potential to improve site adaptation accuracy.

e In specific periods, the rMBE of the original data were lower than that after method application. This
outcome is due to negative values in Y] 7mize» Which are not physically meaningful for solar applications,
being set to zero, resulting in a slight increase in inaccuracy.

e Additionally, for both locations, using two years of measured data would offer improvements over a
one-year period and could enhance the reliability of generation forecasts.

This study aimed to advance knowledge on improving the linear regression site adaptation method by
incorporating solar irradiance band separation and evaluating the impact of the irradiance data collection period
on solar energy projects, with a focus on applications relevant to industry planners and researchers in both
governmental and non-governmental organizations.
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