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Abstract—The information on the various parameters of solar radiation should be sufficient, relevant, acces-
sible from the point of view of design, optimization, and justification of the parameters of photovoltaic instal-
lations in the place of its proposed location. However, in spite of the large number of sources of actinometrical
information, certain difficulties arise when conducting solar engineering calculations associated with data-
base limitations, the large distance from the considered geographical point, or the laboriousness of the
research that are needed to be carried out. The purpose of the study is to analyze the available data on the solar
energy resource for a set geographic point (46.8° N, 40.6 E), obtained by the indirect method for assessing
the parameters of solar radiation using data from ground-based metrological stations; indirect method for
assessing the parameters of solar radiation using satellite measurements; calculated method for determining
the intensity of solar radiation; and experimental study of the characteristics of solar radiation. The analysis
showed that not all approaches provide data on the direct and diffused components of solar radiation. In addi-
tion, the availability of hourly values of solar radiation is very important, because only they make it possible
to predict the mode of operation of a photovoltaic installation and coordinate its mode of operation with the
load schedule of the consumer. The deviation between the data of various sources of actinometrical informa-
tion can reach 53.0% for hourly values, 58.1% for daily values, 43.1% for monthly values, and 39.1% for
annual values, and can significantly affect solar engineer calculations for the choice of parameters of the pho-
tovoltaic installation equipment or make great adjustments to the issues of justifying the economic efficiency
and feasibility of photovoltaic installation application.
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INTRODUCTION

When solving problems related to the power supply
of the consumer by means of photovoltaic installations
[1-5], the issue of the availability of data on solar radi-
ation is important. The amount of information about
various parameters of solar radiation should be suffi-
cient, relevant, and accessible from the point of view
of designing, optimizing, and justifying the parame-
ters of photovoltaic installations and consumer
requirements at a given geographical point [6].

The most obvious way to obtain actinometric
information for the geographical point under consid-
eration is to conduct an experimental study. However,
this method requires a long observation period and
high costs for measuring equipment, maintenance,
and calibration of instruments [7]. In addition, moni-
toring the intensity of solar radiation over 1 year pro-
vides a data set that can be used to check the applica-
bility of other approaches to determining the resource
of solar energy, but which is not sufficient for the
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selection and evaluation of the parameters of a photo-
voltaic installation, since the solar radiation flux com-
ing to receiving surface is a variable value and depends
on many factors.

The lack of information about the resource of solar
energy at a given geographical point has led to the
development of two main directions in determining
the parameters of solar radiation: indirect methods for
processing statistical data (empirical models [8],
machine learning methods [9], satellite remote sens-
ing methods [10]) and calculation methods [11]. The
data obtained by ground-based meteorological sta-
tions and satellite measurements are used as initial
data in indirect methods for estimating solar radiation
parameters.

The main problem of functioning and data collec-
tion at meteorological stations is the high price of
equipment, the complexity of its maintenance, the
large amount of stored data, low branching, and den-
sity of stations. Such heterogeneity leads to the fact
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that entire regions remain uncovered, especially terri-
tories with complex topography [12]. Satellite mea-
surement data are available for different periods, in
different areas of the globe with a variety of grid reso-
lutions. However, despite the wide geographical cov-
erage, this method is less accurate than ground-based
measurements, since monitoring is carried out in the
extra-atmospheric region, taking into account the
processes occurring in the atmosphere, the state of
cloudiness, the composition of gases, and the effect on
the processes of solar radiation scattering occurring in
the atmosphere based on the radiation balance and is
characterized by a higher systematic error [13].

The analysis of data presented by statistically sig-
nificant arrays of satellite and ground-based measure-
ments is widely presented in [14, 15]. The article ana-
lyzes the accuracy of forecasting the energy character-
istics of photovoltaic systems using various climate
databases (NASA POWER, SARAH-E, CLARA-A,
ERAS5, Meteonorm, etc.) on the example of several
geographical points by comparing with calculations
based on data from the World Radiation Data Centre
(WRDC). The authors note that the data presented in
these databases provide a spread in the forecast error of
the required nominal power of solar panels at the level
from 10—20% to several hundred percent. Paper [16]
presents the results of evaluation studies of an unprec-
edented scale on eight gridded remote sensing bases,
including six satellite systems (CAMS-RAD,
NSRDB, SARAH-2, SARAH-E, CERES-SYNldeg,
and Solcast) and two systems based on reanalysis
(ERA5 and MERRA-2 used in baseline data for
27 years). It is noted that approaches to predicting the
intensity of solar radiation are becoming more and
more complex, so it is recommended to perform veri-
fication throughout the entire process of making fore-
casts [25].

Calculation methods for determining the charac-
teristics of solar radiation on a horizontal surface, tak-
ing into account the direct component of insolation
and atmospheric conditions are widely presented in
scientific literature [11, 15, 17—19]. However, with all
the variety of computational approaches to determin-
ing the intensity of solar radiation, all methods require
verification of the results when conducting solar cal-
culations according to the database of long-term
observations at the proposed location of the photovol-
taic installation. Verification is most often associated
with labor-intensive calculations, so in the literature
one can find methods for calculating the potential of
solar energy at a given geographical point, which are
based on a combination of calculation methods and
data from real meteorological observations, imple-
mented in the form of ready-made algorithms and
programs [20, 21].

Thus, despite the large number of sources of acti-
nometric information, when performing solar engi-
neering calculations, certain difficulties arise due to
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the limited databases the great distance from the geo-
graphical point under consideration, or the laborious-
ness of the surveys. The choice of the source of actino-
metric information determines in the future the choice
of the method for calculating the parameters of photo-
voltaic installations, namely, the method of matching
the generation modes and the mode of consumption
of electric energy and the choice of the type and
parameters of backup and storage devices.

RESEARCH METHOD

The purpose of the study is to analyze the available
data obtained from various sources of actinometric
information on the resource of solar energy on a hori-
zontal surface for a given geographical point.

Consider the example of the city of Zernograd,
Rostov oblast (geographical coordinates: 46.8° N,
40.6° E) what data and to what extent are available and
we will conduct their comparative analysis.

For the geographical point under consideration,
data on the intensity of solar radiation can be obtained
from the following sources:

1. Indirect method for estimating solar radiation
parameters using data from ground-based meteoro-
logical stations (Indirect-1). Handbook on the inten-
sity of solar radiation [22]. In the climate reference
book, data are presented for the city of Rostov-on-
Don and the village of Gigant in the Salsky district,
which are located at a distance of 62 and 88 km at the
points with coordinates: 47.2° N, 39.7° E and 46.5° N
and 41.3° E, respectively. The reference manual pro-
vides monthly and hourly (with an interval of three h)
for the village of Gigant and sums of total solar radia-
tion on a horizontal surface and annual and daily by
months for the city of Rostov-on-Don. Reference data
are obtained for average cloudy conditions.

2. Anindirect method for estimating solar radiation
parameters using satellite measurements. The NASA
POWER database [23] (Indirect-2) contains an array
of data obtained as a result of satellite measurements in
the initial spatial resolution of monitoring [23]. When
querying in the specified database, data is displayed
for a point with coordinates 47° N and 40.5° E, which
is located at a distance of 25 km from the considered
point (Zernograd). The following data from the NASA
POWER database were used: daily, monthly, and
annual sums of total solar radiation averaged over
22 years on a horizontal surface with the possibility of
choosing a geographic point.

3. Calculation method for determining the inten-
sity of solar radiation. A computer program [24] for
calculating the estimate of the potential of solar energy
at a given geographic point with the required spatial
orientation in remote areas of the Southern Federal
District, which is based on a combination of an analyt-
ical approach (according to the Byrd method) and sat-
ellite meteorological observations (NASA POWER)
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[23]. This program allows one to calculate the hourly,
daily, monthly, and annual sums of direct, scattered,
reflected, and total solar radiation to a receiving sur-
face differently oriented in space according to the
method [25].

4. Experimental study of the characteristics of solar
radiation. Monitoring of solar insolation using the
research complex consists of: control photovoltaic cell
1; photovoltaic module 2 (Pmax =5 W, Ump = 9 V);
electronic goniometer 3; multimeters 4 and 5; labora-
tory resistance box 6 (accuracy class 0.1); and swivel-
tilt mechanism 7, which is a movable base for adjusting
its angle in space.

The determination of the output power of the pho-
tovoltaic module was carried out in natural sunlight on
a site not shaded by building structures and green
spaces according to [26] at a point with geographic
coordinates 46.8° N, 40.3° E (Zernograd).

RESULTS AND DISCUSSION

Table 1 presents data on the availability and com-
position of data for each source of actinometric infor-
mation.

As can be seen from Table 1, not all sources of acti-
nometric information can provide a complete array of
data for further solar engineering calculations and sig-
nificantly affect the choice of further calculation
methods for substantiating the parameters of photo-
voltaic installations. All methods for estimating
incoming solar study contain data for a horizontal area
(conversion to an inclined plane can be done in the
NASA POWER system and by calculation). In addi-
tion, not all approaches to the determination of inso-
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Fig. 1. Photo of research complex.

lation provide data on the direct and diffuse compo-
nents of solar radiation, which is also necessary for
solar engineering calculations. It is also very important
to have complete information about the hourly values
of solar radiation.

Figure 2 shows daily graphs of the arrival of solar
radiation on a horizontal receiving surface for 2 char-
acteristic days of the year: June 22 and December 22
for various sources of actinometric information.

The curves of the hourly sums of solar radiation for
the calculation method for the summer and winter
characteristic days have a maximum solar radiation
intensity at 14:00 and 13:00, respectively. According to
the Indirect-2 method data averaged over 20 years of
observations the maximum insolation on June 22 is
expected from 12:00 up to 14:00, and it is 9.3% higher

Table 1. Composition and characteristics of actinometrical information on solar radiation obtained from various sources

for a given geographic point

Indirect-1 [22] Indirect-2 [23] Calculation method [24]| Experimental study

Injection, ° 0°, optimal 0° 0°—360° 0°—-360°
Orientation,® - - 0°—360° 0°—360°
Geographical point, km 88 km 111 km for radiation data 25 km —
from the point 60 km for metrological data
Observation period 1965—1980 from 1985 to present 1985—-2015 2019
Total:

— sentries + + + From 08:00 to 17:00

— daily allowance + + + From 08:00 to 17:00

— period + + + Characteristic days

— annual + + + Characteristic days
Components of radiation:

— total + + + +

— straight + + + —

— scattered + + + —

— reflected - + + —

APPLIED SOLAR ENERGY Vol. 57 No. 5 2021
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Fig. 2. Hourly sums of solar radiation obtained from various sources of actinometric information for two characteristic days: June

22 (a) and December 22 (b).

than for the calculation method. At the same time, an
experimental study for June 22, 2020 (a cloudy day
according to the weather archive) revealed a fairly uni-
form level of incoming solar radiation flux on a hori-
zontal surface from 8:00 up to 16:00 of 0.49—0.58 KW h,
with a maximum at 12:00. In the morning from 08:00
to 01:00, the intensity of solar radiation according to
the calculation method is 0.15—0.3 kW h, the indirect
method is 0.31—0.8 kW h, and the experimental study
is 0.51—0.56 kW h. The graphs of the hourly sums of
solar radiation on a horizontal surface for the indirect
and calculation methods are the closest, which is due
to the long period of actinometric observations on
which they are based, 20 and 25 years, respectively.
The stepwise nature of the hourly sums of solar radia-
tion for experimental and ground-based monitoring is
due to the change in the incoming solar radiation flux
to Earth’s surface during changes in the atmosphere,
the state of which is dynamic.

The winter day (December 22, 2021), when the
experimental study was carried out, turned out to be
sunny and clear from 11:00 up to 16:00, this explains
the high level of solar radiation intensity. The maxi-
mum for all three sources of actinometric information
occurs at about the same time, from 12:00 up to 14:00,
the observed irregularities are due to instantaneous
changes in the state of the atmosphere. The value of
the peaks of the incoming solar radiation flux for the
Indirect 1 and experimental methods are almost equal
(the deviation does not exceed 5%), and the calcula-
tion method is characterized by the level of insolation
significantly lower at noon (by 53%). At 10:00, the
solar radiation intensity is 0.08 kW h for the calculated
and experimental methods and 0.23 kW h for the Indi-
rect-1 method. At 16:00 the flux of solar radiation is
0.06 kW h for the calculated and experimental meth-
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ods and 0.10 kW h for the Indirect-1 method. This dif-
ference between the indirect method (ground meteo-
rological stations) and the calculation method is due
to the fact that the latter also uses data from an indirect
method based on satellite measurements and satellite
measurements do not reflect as closely the influence
of atmospheric conditions during the day and, despite
verification with ground-based data, are carried out in
the extra-atmospheric region, taking into account the
processes occurring in the atmosphere, the state of
cloudiness and gas composition, and the effect of
reflected solar radiation on processes occurring in the
atmospheric layer.

Figure 3 shows daily sums for four characteristic
days of the year on March 23, June 22, September 23,
and December 22.

It can be seen from Fig. 3 that for the winter day the
data of the indirect method (satellite measurements),
the experimental study, and the calculation method
are the closest in terms of values (deviation 4%), while
for the Indirect-1 method the deviation is 47%. For
typical summer and autumn days, the regularities of
the relative change in the daily sums of solar radiation
according to different approaches to the determination
of actinometric information are the same: the calcula-
tion method and Indirect-2 are closest in value to each
other; the deviation from the above (calculated and
Indirect-2) for the experimental study is 29—35%,
which is due to the short observation period (1 year)
for the experiment. The excess of insolation values for
the Indirect-1 method by 29—39% compared to the
calculated method may be due to the different method
and location of the initial actinometric measurements.
On a spring day, the deviation between the values of
the daily intensity of solar radiation obtained by the
Indirect-1 method and the experimental study from
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Fig. 3. Daily sums of solar radiation from various sources
of actinometrical information for four characteristic days
of a year.
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Fig. 4. Monthly values of solar radiation obtained from
various sources of actinometrical information.

the values obtained by the calculation method is 5%
and 58%, respectively. A slight deviation between the
data on the intensity of solar radiation obtained by the
calculation method and the Indirect-2 method is due
to the fact that the values are corrected according to
the average monthly data from the NASA POWER
database.

Figure 4 presents the monthly sums of solar insola-
tion obtained from various sources of actinometric
information.

Deviation of monthly amounts of solar insolation
are lowest for the calculated and Indirect-2 methods:

DAUS et al.

from 1-5% in the spring—summer period and up to
32—38% in the winter period. The difference between
the data of the Indirect-1 method is already signifi-
cant: the deviation ranges from 32—43% for the sum-
mer period to 72.7—89% in the winter.

The annual amount of incoming total solar radia-
tion is 1955 kW h/m? according to the Indirect-1
method, 1186 kW h/m? according to the Indirect-2
method, and 1284 kW h/m? according to the calcula-
tion method. Such a deviation can reach 39%, and sig-
nificantly affect the choice of parameters for the
equipment of a photovoltaic installation in solar engi-
neering calculations or make significant adjustments
to the justification of economic efficiency and the fea-
sibility of its use.

CONCLUSIONS

Despite the large number of sources of actinomet-
ric information, there are difficulties in carrying out
solar engineering calculations due to the limited data-
bases, a large distance from a geographical point, or
the complexity of the surveys. The choice of the source
of actinometric information determines the choice of
the method for calculating the parameters of photo-
voltaic installations (the method of matching the
modes of generation and the mode of consumption of
electric energy, the choice of the type and parameters
of backup and storage devices). The analysis of the
available data obtained from various sources of actino-
metric information on the resource of solar energy on
a horizontal surface was carried out using the example
of the city of Zernograd (geographical coordinates:
46.8° N, 40.6° E). For the point under consideration,
data on solar radiation were obtained from the follow-
ing sources: indirect method using data from ground
meteorological stations; indirect method using satel-
lite measurement data; calculation method for deter-
mining the intensity of solar radiation; and experi-
mental study of the characteristics of solar radiation.

The analysis showed that not all sources of actino-
metric information can provide the necessary array of
data for solar engineering calculations, which may
affect the choice of substantiation of the parameters of
photovoltaic installations. All methods for estimating
incoming solar learning contain data for a horizontal
area. In addition, not all approaches to the determina-
tion of solar insolation provide data on the direct and
diffuse components of solar radiation, which is also
necessary for solar engineering calculations. It is also
important to have complete information about the
hourly values of solar radiation, which makes it possi-
ble to predict the mode of a photovoltaic installation.

The deviation between the data of various sources
of actinometric information can reach 53% for hourly
sums, 4—58% for daily sums, 1-43% for monthly
sums, and 39% for annual sums, and significantly
affect the solar engineering calculations of the param-
APPLIED SOLAR ENERGY Vol 57

No. 5 2021
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eters of a photovoltaic installation or make adjust-
ments to the issues of substantiating the economic
efficiency and expediency of application.
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