Simulation of energy input to solar panels
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Abstract. In article the review of assessment methods of the
energy supplied to the surface of solar panels. Need of increase in
accuracy of calculation of the solar energy entering on the panel is
proved due to accounting of the additional influencing factors. A
technique for estimating solar energy to the surface of panels has
been developed. The degree of cloudiness influence on the solar
energy input for the area under consideration is identified.
Comparison of results of modeling with use of the developed
technique and specialized computer programs is carried out. The
comparison showed satisfactory results. Modeling of incoming
solar energy for the existing solar power station showed a higher
quality of the developed technique compared with specialized
software. The optimal angle of inclination of the solar panel is
calculated and the reduction of the incoming energy is analyzed
when the angle deviates from the optimal value. The application of
modeling of incoming solar energy intake to obtain daily graphs for
the electricity generation of a solar power station and comparing
them with daily graphs of the electrical load of the consumer is
considered. Conclusions by results of researches are drawn.
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I. INTRODUCTION

Over the past 20 years, the world has experienced a
deterioration of climatic and living conditions, climate change,
the strengthening of negative natural phenomena, etc. The
aforementioned problems of global scope are discussed at
international climate conferences. When considering, a set of
issues to improve the climatic conditions and habitat in the
world, preserving the use of natural resources, accelerating the
use of renewable energy sources, especially solar [1].

Development of energy saving technologies, need of
decrease in harmful emissions in the environment, limited
reserves of fossil fuels, growth of electricity rates,
depreciation of the equipment of solar power stations and
increase in their efficiency results contributes to the rapid
growth of installed power of solar power stations (SPS) in the
world. SPS can be divided by power as follows:

o small SPS with a power of less than 100 kW;
e average SPS with power from 100 kW to 5 MW;

e large SPS with a power of 5 MW or more.

Installation of solar panels (SP) small SPS on roofs and
facades of buildings practices in many countries: Germany,
Italy, Japan, USA, Spain, China, France, Czech Republic,
Belgium, Australia and others. At the same time parallel
operation of SPS with an electrical network is used.
Advantages of such SPS: land, a small amount of the
equipment (solar panels, the inverter), small capital
investments are not required. It allows to construct such SPS
to private households and the small commercial and state
organizations. In the Russian Federation such types of SPS are
practically not used. Mainly in our country autonomous small
SPS for power supply of objects, remote from an electrical
power system, are used. At the same time reservation is
carried out from rechargeable batteries, gasoline or diesel
generators.

The average SPS in the Russian Federation also practically
does not occur. This is due to the limitation of the minimum
power of power stations to 5 MW for the sale of electricity on
the wholesale market.

In the Russian Federation, large SPS are being actively
built. At the beginning of 2019 there are 53 high-power SPS.
The largest SPS has a power of 60 MW. The total power of
SPS is 820 MW.

Obstacle of application of small SPS at parallel operation
with network in the Russian Federation are considerable
payback periods, difficulties of execution of documentation on
the generating object and low purchase prices of the electric
power [2, 3, 4, 5]. The country is developing a law on the
operation of small SPS in parallel with the power network in
the retail electricity market.

Use of auxiliary sources on renewable resources is referred
to energy saving actions. Their application allows to reduce
volumes of the electric power consumed from the centralized
network. Mass introduction of such power stations will allow
to lower load of an electrical power system in the afternoon.
Thus, it is possible to save expensive peak power. Application
of such systems is of special interest for buildings of the
public and private organizations working in the afternoon. In
this case the developed electric power will be consumed
generally on an installation site of SPS and use SPS without
delivery of the electric power in network is possible. The
additional incentive gives noticeable increase in electricity
rates in connection with cancellation of support of consumers
of small power at the expense of large consumers (the rule of
«the last mile») [6, 7].



At design assessment of the solar energy incoming on the
panels of SPS during a year is important. Power of panels,
annual electricity generation, payback period of SPS depends
on value of the solar energy incoming on the panel.

The assessment of annual development of SPS can be
carried out with use of cards of solar insolation [8, 9],
specialized computer programs [10, 11, 12], internet services
[13]. Accuracy of assessment increases when accounting
weather factors and features of distribution of solar radiation.

Il. THESTATEMENT OF THE PURPOSE AND RESEARCH
PROBLEMS

The purpose of the study is modeling of incoming solar
energy on an inclined surface taking into account the direct
and scattered radiation and also existence of cloudiness. For
achievement of the specified purpose it is necessary to solve
the following problems:

e To develop a method of calculation of incoming solar
energy on an inclined surface;

e To estimate influence of cloudiness on size of the
energy incoming on the solar panel;

e To compare modeling results with results of the
existing computer programs and with real data.

1. THE THEORETICAL PART

The most famous are the following programs for the
calculation of solar energy: PVSyst, NREL SAM, PVLib.
Programs have the good accuracy of modeling, but PVSYST u
NREL SAM have the largest accuracy [12]. Shortcoming is
the need to purchase a license for the full use of programs. For
example, comparing PVSyst and NREL SAM, it was revealed
that PVSyst is a paid program. A free demo version of the
program is provided for a period of 30 days, after which some
functions of the program are blocked. NREL SAM is a free
program. The complexity of the Russian version of the
considered programs presents difficulties — all of them have an
English interface. The considered programs take into account
the factors influencing energy generation in the calculations.

The total solar radiation on a horizontal surface taking into
account the direct and scattered radiation is determined by the
formula [14], kW/m?:

Qo = (0,62S + 0,68) sin h, (1)

where S = 1 kW/m? — intensity of direct solar radiation; h —
height of the sun above the horizon, °.

The height of the sun is determined by the formula [15]:

h = asin (cos ¢ - cos & - cos(15(T — To)) + sin ¢ - sin 3), (2)

where ¢ — geographical latitude, °; T — time, hours; To — real
midday (for Abakan To = 12,9 4).

The declination of the sun in (2) is defined as [16]

8= 23,5 sin (360-(284 + ) / 365), 3)

where n — the number of the day in the year.

The direction to the sun counted on the horizon from the
direction to the south is called an azimuth and is determined in
degrees by a formula

A~ arcsin c0s5-sin(15(T —T,)) |
cosh

(4)

The formula (1) does not consider cloudiness. Incoming of
solar radiation on a horizontal surface taking into account the
cloudiness, KW/m2:

Qr=Qo(1-0,38 - (1+K/10) - K/10), )

where K — cloudiness in points.

Cloudiness values from 0 to 10 points are contained in the
archived records of the websites [17, 18].

By means of [19, 20] the formula for calculation of
incoming solar radiation taking into account the cloudiness on
a South-oriented inclined surface, kW/m?;

cosa-sinh+sino-cosh-cosA
Q- ) ®

sinh

where a — angle of inclination to the horizon, °.

IV. THE RESULTS OF EXPERIMENTS

Modeling of incoming solar energy was carried out for a
geographical location of Abakan of the Russian Federation.
City coordinates: latitude 53,72°, longitude 91,43°. At the
initial stage using (1) - (3) the incoming of total solar radiation
to the inclined plane (a = 53.72 °) were calculated without
taking into account the effect of cloudiness. The modeling was
carried out for one year with an interval of 0.5 hours.

Accounting of cloudiness was carried out using
meteorological weather sites [17, 18]. Meteodata contain
values of cloudiness on a ten-mark scale. The cloudiness was
fixed with time interval of 3 hours. Statistics of cloudiness was
considered for the years 2006-2017. The data were processed
and the average values for the period were found. The results
represent a column of average values of cloudiness with a
discretization of 3 hours.

At the next stage, using (5), the total solar radiation is
incoming to the inclined plane (o = 53,72°) were calculated
taking into account the effect of cloudiness.

Comparison of daily graphs of incoming of total solar
radiation on an inclined surface taking into account and
without taking note the cloudiness (fig. 1) showed
considerable influence of cloudiness. The area under daily
graphs at strong cloudiness is significantly lower, than in
cloudless weather. Thus, taking into account the cloudiness in



the design of a solar power station is relevant for areas with a
large number of cloudy days in a year.
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Fig. 1. Incoming total solar radiation on the inclined plane.

Comparison of graphs of incoming total solar radiation on
the inclined plane (o = 53,72°) of the considered geographical
location showed a significant decrease of incoming radiation
with cloudiness. The form of graphs differs: on the lower
graph of fig. 2 decrease of incoming radiation in April, May,
July, October and increase of incoming radiation in September
and December is observed. The sum of incoming radiation in a
year on the inclined plane is 3633 kW-h/m? without cloudiness
and 1789 kW-h/m? taking into account cloudiness. Thus, with
cloudiness for the considered area, radiation incoming
decreases on average twice in comparison with the model
which is not considering cloudiness.
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Puc. 2. Incoming total solar radiation on the inclined plane.

The analysis of annual incoming solar energy as a function
of the inclination angle of the plane (fig. 3) showed the
maximum value of the received energy at a=51° The
received value of an optimal angle differs from recommended
[19] a=¢ =53,72 °, because there are more clear days in
summer than in spring and autumn. Thus, the optimal

inclination angle along with latitude is influenced by climatic
features of the area. For a=¢=53,72° the estimated
incoming solar radiation in a year was 1789 kW-h/m?, and for
an optimal inclination angle — 1791 kW-h/m?. The distinction
was 0.1% that is insignificant. Thus, as optimum it is possible
to consider an inclination angle equal to the latitude of the
considered area in terms of a maximum of annual incoming
energy.

Decrease incoming solar energy (fig. 3) is -1.7% at change
of an angle on 10 ° from optimum value. Therefore, it is
possible to change over a wide range an inclination angle of
solar panels without significant decrease in the energy
incoming in a year. It allows to put, for example, solar panels
with a big inclination angle for the best removal of snow in
winter time. If the amount of precipitation in the winter small,
and in summertime is a lot of clear days, then it is necessary to
reduce an inclination angle for increase in the energy received
in summertime.
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Puc. 3. The dependence of the annual incoming solar energy from the
inclination angle of the plane.

Comparison of the simulation results with the results of
other programs (fig. 4) gave similar values. Graphs of the
PVSyst program [10, 11] and the online calculator [13] show
rather uniform incoming solar radiation from March to
August. The considered mathematical model (1)-(6) has peak
of incoming solar radiation in June. In winter time of graphs
are similar, but the points received using the online calculator
are below other graphs.

Results of modeling were compared to real data of
incoming energy on the panel of the Abakan SPS. The power
station is located in the area considered in work. Statistics of
development of power station is taken from the official site
[21]. Information on electricity generation for 2016-2018 was
processed, the average graph of monthly development in a
year is received. Proportional solar radiation can consider the
energy developed by power station. With use of the graph of
electricity generation and characteristics of power station [21]
the graph of incoming solar radiation in an installation site of
power station (fig. 5) was received. Comparison of results of
modeling showed strong likeness with the schedule of



incoming solar energy of the Abakan SPS. Some distinctions
are observed during the winter period: calculated values there
are more real values for power plant. Decrease incoming solar
energy on the panel of the Abakan SPS during the winter
period has a talk increase in consumption of energy at own
needs (heating of containers with electric equipment),
existence of snow on panels, formation of hoarfrost. The listed
factors were not considered in the model.
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Puc. 4. Comparison of results of modeling of incoming solar radiation on the
inclined plane.
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Puc. 5. Comparison of results of modeling with graph of electricity generation
of the Abakan SPS.

By means of the considered model the graph of generation
of electric power was received by solar batteries. In fig. 6
shows superimposed graphs of the power consumed by the
object and the power generated by solar batteries for the same
periods of time. The considered object works during a day
shift. The graph of the power consumption of the object
contains the peak area corresponding to the daytime. The
design graph of solar panels generation is well combined with
the graph of power consumption, which ensures the full use of
the generated energy. At night, the electric power can be
supplied from the centralized electrical network, the electric
generator or from rechargeable batteries.
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Puc. 6. Combined graphs of consumed and generated powers.

When using rechargeable batteries a peak part of the graph
of generation should be above a peak part of the graph of
consumption.

V. CONCLUSIONS

The review of methods of calculation of incoming solar
energy on a surface of panels is executed. Advantages and
shortcomings of a specialized software are considered.

As a result of study on the basis of the known formulas the
technique of modeling of incoming solar energy on an inclined
surface is made. The technique considers change of position of
the sun on height and on an azimuth within a year with an
interval of 0.5 hours. In calculations the direct and scattered
solar radiation, a geographical location of panels, an
inclination angle of panels to the horizon at orientation is
considered to the south. Taking note of cloudiness as most
significant factor is executed. Values of cloudiness can be
received from contemporary records of the meteowebsites.

With use of mathematical model of incoming solar energy
considerable influence of cloudiness on annual electricity
generation of SPS is established. For the considered area the
cloudiness leads to decrease in annual incoming solar energy
on average twice in comparison with results of modeling for
the clear sky. Because of influence of cloudiness in areas with
the different longitude and identical latitude annual incoming
solar energy can significantly differ. Comparison of results of
modeling by means of the developed technigque with
calculation results by means of the existing programs yielded
close results.

Modeling of incoming solar energy taking into account a
factor of cloudiness allows to increase the accuracy of
assessment of generation of SPS and its payback period.
Modeling of the annual graph of incoming solar energy with
an interval of 0,5 hours can be used together with real power
graph of objects on which it is going to use solar panels. It will
allow to more accurately select the power of solar panels and
to exclude its incomplete use.



On the basis of the conducted researches the following
conclusions are drawn:

1) Accounting of a factor of cloudiness by means of
statistics of long-term observations of local meteorological
stations allows to increase significantly the accuracy of
modeling of incoming solar energy on the surface of solar
panels.

2) Comparison of results of modeling with real statistics
of incoming solar energy on the site of the Abakan SPS was
shown satisfactory accuracy.

3) Modeling in some cases allows to do without tool
measurements of incoming solar energy on the surface of
panels.
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