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Estimation of monthly solar radiation distribution for solar energy system analysis
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The concept of probability density frequency, which is successfully used for analyses of wind speed and
outdoor temperature distributions, is now modified and proposed for estimating solar radiation distri-
butions for design and analysis of solar energy systems. In this study, global solar radiation distribution is
comprehensively analyzed for photovoltaic (PV) panel and thermal collector systems. In this regard,
a case study is conducted with actual global solar irradiation data of the last 15 years recorded by the

Turkish State Meteorological Service. It is found that intensity of global solar irradiance greatly affects
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energy and exergy efficiencies and hence the performance of collectors.
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1. Introduction

Solar energy has gained much attention from many industries
and application areas in recent years [1,2]. Researchers mainly focus
on five key research areas, which can be expressed as follows; a)
improving efficiencies of solar thermal collector or PV/T systems
[3], b) solar-based electricity generation by utilizing single or
hybrid energy systems [4—8], c) solar-powered hydrogen genera-
tion [8,9], d) solar energy utilization in zero energy or sustainable
energy buildings [10,11], e) feasibility of solar energy utilization for
many industrial applications like solar drying process [12—14].
Knowledge of global solar radiation distribution is needed for
design and analysis of solar energy systems. Many parameters
affect the energy, exergy and conversion efficiencies and working
conditions of collectors. One of the most important parameters is
the intensity of solar irradiance. It directly affects the thermal
collector efficiency and the intensity of the solar irradiance. Average
solar radiation and system efficiency are used in general calcula-
tions. However, it is clear that accurate results cannot be predicted
by this method. Monthly distribution of global solar radiation
should be predicted for accurate solar energy calculations. The
concept of probability density frequency is successfully applied in
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the analyses of wind speed [15,16] and outdoor temperature
distribution [17] in literature. Many distribution methods such as
Weibull and Rayleigh are successfully used in wind speed and wind
energy analyses. In open literature, there is no such a study
showing global solar radiation distribution as a parameter of the
solar irradiance intensity. This study presents a new method to use
this knowledge in solar energy calculations. In this regard, a case
study is conducted with the past actual data for 15 years as recor-
ded by the Turkish State Meteorological Service. As an application,
the global solar radiation distribution of a the Turkish city is
comprehensively analyzed.

2. Description of the method

This study presents a new solar energy distribution calculation
approach to accurately determine the amount of converted useful
solar energy. A new program is written, and input solar radiation
data are then loaded into program using a text file. A sample of
utilized global solar irradiation data for the month of June is shown
in Fig. 1. After submitting solar radiation data, program arranges
data according to solar radiation and hours as shown in Fig. 2.
Subsequently, a time elapsed for the intensity of solar irradiation of
50 W interval is determined. The program performs probability
calculations with respect to time elapsed for each solar radiation
intensity as shown in Fig. 2. Here, the first column in the vertical
plane shows the intensity of solar radiation at an interval of 50 W.
The first line in the horizontal plane corresponds to the time of day.
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Global solar radiation (W/m?)
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Fig. 1. Distribution of global solar irradiation for June.

Monthly-based total falling solar energy amount can be determined
for 50 W intervals. For instance, 2.66 kW h/m? of solar radiation
falls in the range of 600—650 W/m? and between 09:00 and 10:00
o’clock. Also, total solar energy amount can be indicated for 50 W
intervals in the penultimate column. The last column in the vertical

plane shows the total solar energy amount depending on the time
of day. The last column shows the elapsed time.

A similar calculation is performed by Coskun [17] to estimate
outdoor temperature distribution. He has proposed the sinusoidal
function to estimate the probability density distribution of outdoor
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Fig. 2. Calculation results by the present method with respect to solar radiation intensity.
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Table 1
Model parameters for each month considered.

Global solar R?
radiation (kW/m?)

Month Hy =a+bx+cx2+d-x3>+ex*

a b [« d e 0<I<s

January 122 —-1306 6303 -13,021 9376 0.00 << 0.55 0.997
February 103 -920 3552 -5721 3180 0.00 <I< 0.65 0.991

March 80 527 1545 1792 658 0.00 <1<0.80 0.989
April 95 696 2088 2472 978 0.00 <1<0.90 0.974
May 61 305 582 —180 —184 0.00 <1< 0.90 0.984
June 40 -104 -125 865 713 0.00 <1< 0.90 0.917
July 36 —-33 —493 1601 —1185 0.00 <1< 0.90 0.892
August 69 502 1424 1308 265 0.00 <1<0.85 0.915
September 39 -139 71 787 —-933 0.00 <1< 0.80 0.950

October 66 —440 1281 —1082 -93 0.00<1<0.70 0.984
November 86 —740 3009 4874 2392 0.00 <I<0.55 0.998
December 148 -1723 8786 -19,559 15453 0.00 << 045 0.998
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Fig. 3. Solar energy density distribution with global solar radiation intensity.

temperature. The present sinusoidal function is given in the
following equation:

H(Tout) = a+ b-cos(c-Tout + d) (1)

where q, b, c and d are model parameters. Toy: denotes outdoor
temperature in °C. H(Tyy¢) gives the hours elapsed in a month for
Tout. In this analysis, the global solar radiation distribution is
determined by using fourth degree parabola. It is found to have
a better performance as

Hx) =a+b-x+cx*+d-x>+ex? (2)

where a, b, ¢, d and e are model parameters. x denotes average
intensity of global solar irradiance for 50 W solar radiation intervals
in kW/m?. H(x) gives the time elapsed for 50 W solar radiation
intervals. For instance, time elapsed between 100 and 150 W was
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Fig. 4. Time probability intensity function for the first six months.
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Fig. 5. Change in annual time lapse with intensity of the solar irradiance.

found by using the average value of 0.125 kW in Eq. (1). After
estimating the intensity of the global solar irradiance distribution,
energy amount (E(x)) can be easily calculated for any range chosen
for global solar irradiance as

Ex) = HX)-x = a-x+b-x*> +cx®> +d-x* +e-x° (3)
k
Eroral = »_ E() (4)
n=0

where ‘k’ indicates the global solar radiation limit for a given
month. It is determined for the maximum solar radiation for each
month depending on the actual solar data.

3. Results and discussion

Model parameters (a through e) and global solar radiation limits
are calculated and given in Table 1 for Balikesir in Turkey. Time
probability and solar energy distribution are calculated using Eqs.
(1) and (2) for 12 months. To compare solar energy density distri-
bution for each month, changes in solar energy density with
increasing intensity of global solar radiation are shown in Fig. 3 for
the first six months. The general trend shows that solar energy
increases in parallel with the intensity of global solar radiation until
it reaches the maximum and then begins to decline. The highest
point reached in solar energy density changes among months in
question. Changes in time probability frequency with the intensity
of global solar radiation are shown in Fig. 4 for the first six months.
As can be seen in Fig. 4, each distribution trend is different. Changes
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Fig. 6. Change in total solar energy with intensity of the solar irradiance.
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Table 2
Thermal energy comparison for flat-plate type thermal collector.

Months Average ambient Average solar Tin + Tout (°C) Thermal energy for Thermal energy for new
temperature (°C) radiation (W/m?) average values (kW h/m? month) approach (kW h/m? month)
January 4.7 160 55 - 7.55
February 53 237 55 - 14.46
March 7.9 355 55 22.07 36.79
April 129 458 55 71.29 62.49
May 175 618 55 114.48 106.52
June 223 688 60 119.62 117.06
July 241 689 60 130.04 127.17
August 239 602 60 112.66 103.68
September 204 472 55 95.52 95.66
October 15.5 324 55 50.68 49.04
November 9.9 194 55 6.16 18.19
December 6.3 135 55 — 471

of annual time lapse and solar energy with the intensity of solar
irradiance are investigated and shown in Figs. 5 and 6. There is no
a clear relationship between the distribution of annual time lapse
and solar energy with the intensity of solar irradiance. These two
distributions have different trends.

In order to illustrate the present method and highlight its imp-
ortance calculations are done for a case study. For this purpose,
a sample analysis is conducted for both flat-plate type thermal
collector and PV system. Energy efficiency function of flat-plate type
thermal collector is taken from Ref. [18] as

nrc = 0.74969 — 9.8748-m (5)

_ ((Tin + TOUt)/Z) - Tamb
N X

m

(°c m? /w) (6)

where Ti, and Ty are the inlet and outlet temperatures of the fluid,
while Tymp is the ambient temperature and x is the global solar
radiation amount falling per m? (W/m?). nrc is the thermal collector
energy efficiency. Peak power point function for the chosen
photovoltaic system [19] per m? PV panel is given by

Pp(x) = —12.378 +0.382-x-2.73 79003 - Tamy (7)

where ambient temperature (T;mp) should be taken as Kelvin. Pp(x)
is the peak power point (W/m?). Energy efficiency of PV panel (71¢)
is described as

Pp(x)  —12.378 + 0.382-x-2.7370003 Tums

My = — — = X (8)

In Tables 2 and 3, the present model and a conventional calcu-
lation method are compared for each month. Differences between

Table 3
Electricity generation comparison for flat-plate type thermal collector.
Months Electricity generation Electricity generation Error
based on average values based on new approach (%)
(kW h/m? month) (kW h/m? month)
January 4.10 491 16.49
February 6.15 6.77 9.15
March 11.67 12.22 4.50
April 14.95 15.52 3.67
May 21.78 22.28 2.24
June 25.22 25.93 2.73
July 26.05 26.48 1.62
August 21.02 21.66 295
September 16.88 17.30 242
October 10.60 11.05 4.07
November 5.69 6.91 17.65
December 2.39 3.32 28.01
Total 166.50 174.35 5.08

the present model and a conventional calculation method are
found as 5.0% for PV system electricity generation.

4. Conclusions

This paper has proposed the probability intensity function as
a new method for estimating the solar irradiation. In the model,
solar probability distribution and frequency are formulated as key
parameters of the intensity of global solar irradiance. Some main
findings of this study are given as follows:

e Time probability intensity frequency and probability power
distribution with solar radiation intensity do not follow
similar distribution patterns for each month.

e There is no relationship between the distribution of annual
time lapse and solar energy with solar radiation intensity.

e The highest solar irradiation throughout the year remains
between 700 and 750 W. This amount is equal to 213 kW h/
year, which is 13.4% of the total annual solar irradiation
reaching on a particular surface.

e Differences between the proposed model and conventional
calculation method are found to be about 5.0% for a case study
of PV-based electricity generation.

e The changes of annual time lapse become 200—230 h with
solar radiation intensity between 200 and 700 W.

The present method is expected to be a potential tool for anal-
ysis and design of solar energy systems. It also helps develop solar
radiation intensity maps for cities and countries.

Nomenclature

E Energy (kW h)

H Time elapsed in a month (h)

Pp Peak power point (W/m?)

T Temperature (°C or K)

X Global solar radiation (W/m? or kW/m?)

Greek letters

n Energy efficiency (—)
Subscripts

amb Ambient

in Inlet

out Outlet

PV Photovoltaic panel

TC Thermal collector
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