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Typical solar radiation data is needed in calculation and assessment of many solar energy applications.
In this study, typical solar radiation years for seven provinces located in Aegean Region of Turkey were
generated from the daily global solar radiation data measured during at least for 15 years, using the
Finkelstein-Schafer statistical method. The typical daily global solar radiation data for the locations
considered were presented throughout a year in a tabular form. The data obtained were also analyzed. It
is expected that the typical data presented for Aegean Region will be useful to the designers of solar

energy systems.
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INTRODUCTION

Solar radiation is the fuel of solar energy systems. Solar
radiation data are the key parameter for building energy
analysis and designing and performance evaluation of
solar energy systems. So, it is crucial to know the solar
radiation data for determining solar potential and tech-
nical and economic analysis of solar energy systems.
Nowadays, it is known that there are energy simulation
computer programs for evaluating the performance of
solar energy systems and building energy systems and
they require the relevant meteorological data series of the
location as part of their input. The meteorological data
series consist of solar radiation, temperature, relative
humidity and wind speed. Long term averages of these
weather data are not used, but preferably the repress-
entative weather data sets of the site are generated to
use for this purpose. Since weather conditions can vary
significantly from year to year, there is a need to derive a
customized weather data set that can well represent the
long term averaged weather conditions over a year.

The need for such appropriate meteorological data led
to the development of methodologies for generating the
so- called typical meteorological years (TMYs), a term
mainly used in the USA, or test reference years (TRYSs)
or Design reference years (DRYs), terms mainly used in

Abbreviations: TRY, Test reference year; TMY, typical
meteorological year.

Europe (Skeiker, 2004). TMY or TRY is a representative
data that consists of the month selected from the
individual years and concatenated to form a complete
year. The intended use is for computer simulations of
solar energy conversion systems and building systems. A
TMY or TRY is not necessarily a good indicator of condi-
tions over the next year or even the next five years.
Rather, it represents conditions judged to be typical over
a long period of time (Marion and Urban, 1995). Typical
weather year data sets can be generated for several
climatic variables or only for solar radiation (Shaltout and
Tadros, 1994; Bulut, 2004; Bulut et al., 2009).

Many attempts have been made to generate such
weather databases for different areas around the world
using various methodologies. Pissimanis et al. (1988)
generated a typical meteorological year for the city of
Athens. Shaltout and Tadros (1994) created a typical
solar radiation year for Egypt by using daily data of global
solar radiation obtained from long-term measurements.
Said and Kadry (1994) generated typical weather years
for the cities of Dhahran, Riyadh, Jeddah, Khamis-
Mushayt and Hail in Saudia Arabia. A test reference year
for Ibadan, Nigeria was presented by Fagbenle (1995).
Petrakis et al. (1998) produced a typical year for Nicosia,
Cyprus. A total of 17 methodologies for generating test
reference years (TRYs) reported in literature were
applied to 20-year hourly measurements of weather data
from Athens, Greece by Argiriouetal. (1999). They



showed that the TRY giving the closest performance of
the systems as predicted using long-term data, is the
modified Festa-Ratto method. Kalogirou (2003) pre-
sented a new type typical meteorological year for Nicosia,
Cyprus. The presented typical meteorological year was
generated from a simple typical meteorological year
created from available hourly meteorological data recor-
ded during the period 1986 — 1992 using the Filkenstein—
Schafer statistical method. Bilbao et al. (2004) generated
test reference years for two cities, Madrid and Valladolid
(Spain) using three different methodologies. Skeiker
(2004) generated a typical meteorological year for
Damascus zone using the Filkenstein—Schafer statistical
method. Sawaged et al. (2005) reported on the deve-
lopment of typical meteorological years (TMYs) for seven
different locations in Oman based on measured
meteorological data Rahman and Dewsbury (2007) dis-
cussed the methods of selecting typical weather data and
described the selection of test reference years (TRYs) for
Subang, Malaysia. Typical meteorological years (TMYs)
for 60 cities in the five major climatic zones (severe cold,
cold, hot summer and cold winter, hot summer and warm
winter, mild) in China were investigated and presented
by Yang et al. (2007). Janjai and Deeyai (2009)
compared the performance of three TMY generation
methods: the Sandia, the Danish and the Festa—Ratto
methods and they used these methods to generate TMYs
at four meteorological stations in Thailand. The gene-
ration of typical meteorological year (TMY) for eight
typical cities representing the major climate zones of
China was conducted by Jiang (2010). A set of I1SO test
reference year (TRY) data have been developed for 7
Korea locations by Lee et al. (2010). David et al. (2010)
introduced a new weather data generation tool, Runeole,
which is capable of generating a set of typical
meteorological year (TMY) data directly from inconsistent
hourly databases. The tool developed was used to create
a large set of typical meteorological years for Reunion
Island by David et al. (2010). There are some useful
studies present TMYs or TRYs for different locations of
Turkey. Uner and ileri (2000) generated typical hourly
weather data for the selected 23 provinces that represent
demographic and climatic conditions of Turkey. Ecevit et
al. (2002) used daily sunshine duration instead of daily
global solar radiation to generate a TMY for Ankara. Bulut
(2003) generated a test reference year for daily global
solar radiation on a horizontal surface for Istanbul, Turkey
using 19 years measured data. Bulut (2004) also pre-
sented typical solar radiation years for South-Eastern
Anatolia, Turkey. Bulut et al. (2009) generated typical
solar radiation years for six provinces located in the
Aegean Region of Turkey from the daily global solar
radiation data. When examining the literature, one of the
most common methodologies for generating a TMY or
TRY is the one proposed by Hall et al. (1978) using the
Filkenstein— Schafer (FS) statistical method (Filkenstein
and Schafer, 1971). So, the main aim of this study is to
generate representative solar radiation data for seven
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provinces located in the Aegean region of Turkey using
the Filkenstein—Schafer statistical method.

MATERIALS AND METHODS
Description of the study area and data sets

In Turkey, meteorological measurements are taken and the related
records are kept by the Turkish State Meteorological Service
(Turkish initials “DMI”). Meteorological stations are located in city
centers and there is generally only one station in each city. In this
study, the global solar radiation data were taken from the Turkish
State Meteorological Service in computer diskettes for each
province. The daily global solar radiations recorded during the
period 1981 - 2001 are used for generation of the typical solar
radiation data. There were missing and invalid measurements in the
data and they were marked and coded as 99999 in the files. So, the
data were checked for wrong entries and missing data. The missing
and invalid measurements, accounting for approximately 0.25% of
the whole database, were replaced with the values of preceding or
subsequent days by interpolation. In the calculations, the year was
excluded from the database if more than 15 days measurements
were not available in a month. Table 1 provides the geographical
characteristics of provinces such as latitude, longitude and altitude
above sea level and the periods of the data considered. The
location of Aegean region with its provinces is shown on Turkey’s
map in Figure 1. Provinces in the region are Afyon, Aydin, Denizli,
izmir, Kitahya, Manisa, Mugla, Usak. Manisa is excluded in this
study because of lack of solar radiation data. The Aegean region is
situated in the western part of Turkey which took the name of the
Aegean Sea that extends from the Mediterranean Northward
between Greece and Turkey. The region occupies 11% of the total
area of Turkey with its 79.000 square kilometers of land. Most of the
population and cities are concentrated on the coast line because of
its convenience for sea transportation and tourism. The Aegean
region is also both industrialized and agriculturalized. The Aegean
coastal plain enjoys an exceptionally mild climate, with soft, verdant
springs, hot summers, sunny autumns and warm winters marked by
occasional showers. Aegean region has perpendicular mountains to
its shores and many valleys between them, thus permitting the sea
climate reach inner parts of the region, although some of the
provinces inland show also characteristics of continental climate.

Method

Finkelstein-Schafer (FS) statistics (Filkenstein and Schafer, 1971)
are the most common methodology for generating typical weather
data. This method is an empirical methodology for selecting
individual months from different years over the available period.
According to FS statistics (Filkenstein and Schafer, 1971), if a
number, n, of observations of a variable X are available and have
been sorted into an increasing order Xi, Xa,...,Xn, the cumulative
frequency distribution Function (CDF) of this variable is given by a
function Sn(X) which is defined as follows:

0 forX <X,
S, (X)=<(k-0.5)/n forX, <X<X,,
1 forX > X,

The FS by which comparison between the long-term CDF of each
month and the CDF for each individual year of the month was done
is given by the equation:
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Table 1. Geographical and solar radiation database information for the provinces located in Mediterranean

Aegean of Turkey.

Daily global solar radiation data

Province Latitude (N) Longitude (E) Altitude (m) Period Total years
Afyon 38°44' 30°34' 1034 1984 - 1998 15
Aydin 37°50' 27°50' 56 1983 - 1998 16
Denizli 37°45' 29°5' 425 1984 - 1998 15
izmir 38°23' 27°4' 29 1983 - 2001 19
Kutahya 39°25' 29°59' 969 1985 - 1998 14
Mugla 37°17 28°22' 646 1983 - 1998 15
Usak 38°40' 29°2¢4' 919 1981 - 1995 13

Figure 1. Location of Aegean region and its provinces in Turkey.

n

FS=(1/n)).6, (2)
i=1

where d; is the absolute difference between the long-term CDF of

the month and one year CDF for the same month at X; (i=1,2,...,n),
n being the number of daily readings of the month.

& and F(Xj) are expressed with the following equations:

8, = max||F(X,)— i —1)/n,|F(X,)~i/n]] @

F(X,)=1-exptX,/X) )

where X;is an order sample value in a set of n observations sorted

in an increasing order and X is the sample average.

Finally, the representative year for each month of the data set was
determined on the basis that the representative year is that of the
smallest value of FS, that is,

TRY=min(FS)=min(5) (%)

RESULTS AND DISCUSSION

By applying Finkelstein-Schafer (FS) statistics which the
methodology given above for all the months in the dat-
abase, the test reference year for daily global solar
radiation data was formed for seven provinces of Aegean
region of Turkey. Due to lack of wet-bulb temperature,
relative humidity and wind speed data, the study could
not be extended to include these parameters. However,
detailed weather data such as new outdoor design condi-
tions, heating and cooling degree-days and bin values for
the Aegean region were presented by Bulut et al. (2001),
Blylkalaca et al. (2001), Bulut et al. (2002) and Bulut et
al. (2003) in previous studies. Table 2 gives the test
reference years with minimum FS for monthly mean
global solar radiation for all locations considered in this



Table 2. Test Refence Years with minimum Finkelstein-Schafer (min FS) and monthly mean of daily global solar radiation

(ltry) for Aegean region of Turkey.

Bulut

Province Month Year Min(FS) kry(MJ/m°day) Province Month Year Min(FS) sy (MJ/m’day)
Jan. 1986 0.045 717 Jan. 1991 0.07 6.4
Feb. 1992 0.055 11.14 Feb. 1986 0.066 9.51
Mar. 1985 0.054 15.8 Mar. 1986 0.064 14.14
Apr. 1998 0.035 18.45 Apr. 1995 0.063 17.62
May 1984 0.04 21.53 May 1986 0.068 21.01
Afyon June 1989 0.04 24.55 Kiitahya June 1988 0.067 23.58
July 1993 0.043 24.88 July 1986 0.068 24.33
Aug. 1989 0.038 22.56 Aug. 1986  0.07 22.15
Sep. 1984 0.04 18.86 Sep. 1990 0.068 17.88
Oct. 1986 0.04 12.67 Oct. 1991 0.064 10.78
Nov. 1998 0.037 8.17 Nov. 1988 0.059 7.35
Dec. 1990 0.051 6.46 Dec. 1986 0.058 5.3
Jan. 1998 0.035 8.66 Jan. 1993 0.062 7.87
Feb. 1990 0.037 11.34 Feb. 1995 0.038 9.6
Mar. 1986 0.033 16.04 Mar. 1986 0.043 13.12
Apr. 1998 0.042 20.07 Apr. 1986 0.042 16.7
May 1989 0.041 23.64 May 1998 0.043 19.38
Aydin June 1993 0.043 26.25 Mugla June 1993  0.043 21.92
July 1988 0.046 26.1 July 1984 0.033 21.28
Aug. 1988 0.048 23.69 Aug. 1993 0.035 19.4
Sep. 1992 0.04 20.28 Sep. 1994 0.034 16.51
Oct. 1993 0.045 14.15 Oct. 1984 0.047 12.35
Nov. 1985 0.049 9.09 Nov. 1997 0.043 8
Dec. 1995 0.051 7.1 Dec. 1989 0.041 5.86
Jan. 1995 0.044 6.1 Jan. 1993  0.051 8.27
Feb. 1984 0.063 9.04 Feb. 1983 0.043 10.67
Mar. 1995 0.035 11.56 Mar. 1983 0.045 15.18
Apr. 1998 0.045 15.49 Apr. 1994  0.04 18.09
May 1989 0.042 18.16 May 1992 0.039 21.13
Denizli June 1998 0.038 20.9 Usak June 1985 0.042 24.25
July 1988 0.039 20.66 July 1988  0.041 23.62
Aug. 1995 0.034 17.97 Aug. 1989 0.048 21.86
Sep. 1985 0.045 15.24 Sep. 1985 0.045 18.49
Oct. 1996 0.046 10.53 Oct. 1987 0.047 12.97
Nov. 1990 0.035 6.58 Nov. 1995 0.039 8.38
Dec. 1993 0.034 5.01 Dec. 1993 0.043 6.67
Jan. 2000 0.035 8.32
Feb. 1983 0.034 10.73
Mar. 1983 0.03 15.28
Apr. 1987 0.031 19.27
May 1988 0.043 22.25
izmir June 1997 0.044 25.11
July 1986 0.031 25.59
Aug. 1986 0.028 23.22
Sep. 1986 0.038 19.27
Oct. 1985 0.033 13.77
Nov. 1996 0.04 8.76
Dec. 1987 0.043 6.49
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Table 3. Typical daily global solar radiation values obtained from test reference Year data for Aydin.

Global solar radiation on a horizontal surface (MJ/mzday)

Day Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
1 9.88 11.82 1748 1753 2057 26.92 27.02 2225 2094 16.25 1281 9.34
2 8.66 11.54 537 1867 17.77 27.44 2408 2478 2209 1585 1196 7.79
3 5.88 12.28 15.02 2229 1324 16.62 26.87 245 20.2 1499 746 8.39
4 9.39 1266 517 2297 27.02 2451 2742 2464 21.06 1279 839 5.11
5 943 11.85 12.03 23.31 2151 25,64 2589 2497 2169 16.22 6.57 5.5
6 7.01 9.07 17.38 2429 2736 2278 2736 2416 2197 17.33 10.38 6.71
7 748 11.05 16.45 2049 2321 28.03 2439 2226 2222 16.94 7.4 5.18
8 1045 13.14 1554 21.72 782 28.68 26.47 2213 2276 16.73 1192 9.78
9 994 1296 16.43 2186 21.07 2428 2514 2506 2168 16.9 12.08 10.21
10 946 1164 165 19.06 2796 23.66 2574 2456 2198 169 13.06 7.66
11 1022 534 16.73 21.04 28.12 27.78 27.01 2476 2119 1435 127 9.58
12 11.05 14.17 18.85 23.8 26.74 26.82 27.96 2529 2112 1587 12.16 9.83
13 9.62 3.79 1552 2412 2744 2798 2728 2421 20.88 1561 12.04 8.07
14 9.68 787 18.98 5.11 2584 2795 26.84 2441 2092 16.21 1194 9.12
15 9.06 447 19.98 241 20.64 27.75 26.36 24.34 20.38 14.34 1132 8.54
16 7.11 161 1884 23.82 26.72 21.05 2745 238 20.03 148 1093 9.28
17 8.17 1427 1733 2276 2278 2527 2749 2285 19.78 1449 10.71 9.49
18 9.37 16.2 18.98 2481 24.16 221 2781 2425 208 1447 654 8.21
19 786 1595 2097 1252 276 2821 2527 2341 1958 1397 3.16 1.34
20 423 1542 20.12 26.86 14.89 2959 26.17 2337 19.26 13.09 495 3.16
21 427 1552 1119 23.04 1193 2832 2512 23.11 19.72 13.19 10.26 8.38
22 2.63 15.6 11.12 2059 2695 2769 2529 2155 19.72 13.12 995 8.07
23 1064 13.17 16.44 26.84 2155 27.08 2519 2276 19.31 1244 967 9.02
24 1229 16.44 1946 2228 2506 27.28 26.59 23.33 19.09 1163 7.33 217
25 1229 164 19.15 212 2578 27.06 258 2353 18.89 11.79 525 491
26 1051 1585 7.68 117 28.86 26.01 25.64 2262 1894 1094 792 1.75
27 2.91 6.22 19.21 2288 277 2785 2534 2279 1786 11.79 3.78 9.39
28 4.63 126 1745 13.17 2735 28.18 2416 2424 1889 1183 745 6.63
29 10.5 - 1279 11.68 28.66 2857 2584 2485 1846 1023 1.68 6.19
30 10.63 - 18.24 26.81 2841 26.37 2478 2342 17.06 1128 10.81 2.06
31 13.07 - 20.79 - 28.09 - 25.18 22.23 - 12.18 0 9.32

study. As can be seen from the Table, the minimum and
maximum values of monthly mean of daily global solar
radiation on a horizontal surface (ltgy) in the Aegean
Region are, respectivelgl, 5.01 MJ/m* in December in
Denizli, and 26.25 MJ/m” in June in Aydin, with an annual
average value of 15.42 MJ/m?.

Although typical solar radiation years were formed for
each province considered, it is not practical to present all
of them in this paper due to space limitations. Table 3
and 4 show typical solar radiation year for Aydin and
Mugla, respectively. Discontinuities between the adjacent
months are evident, because the adjacent months are
generally selected from different years. Variation of daily
global solar radiation on a horizontal surface generated
from test reference year and the all available long-term
measured data for Aydin and Mugla are shown in Figure
2 and 3, respectively. It can be seen from the Figures that
both data fluctuate significantly and are very random

throughout the year.

In Figure 4, the generated typical solar radiation (ltry)
data is compared with long-term measured data set to
see differences between |1gy data and the measured data
for all the locations considered in this study. Comparisons
were made on a monthly basis for daily global solar
radiation. As shown from Figure 4, there is a reasonably
good agreement on a monthly basis. It is seen that the
ltry data is quite favorable on monthly basis and always
bigger than the long-term measured data.

Conclusion

Typical solar radiation data is very important for calcu-
lations concerning many solar applications and building
energy analysis. In this study, representative years for
daily global solar radiation for seven provinces located in
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Figure 2. Annual variation of long-term measured daily global solar radiation for Aydin and
comparison with the generated typical solar radiation (lrry) data.
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Figure 3. Annual variation of long-term measured daily global solar radiation for Mugla and
comparison with the generated typical solar radiation (ltry) data.
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Table 4. Typical daily global solar radiation values obtained from test reference year data for Mugla.

Global solar radiation on a horizontal surface (MJ/mzday)

Day Jan. Feb. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.
1 0.33 3.27 1557 1091 23.08 2234 2251 2142 19.77 1441 1196 9.38
2 3.05 1236 5.81 18.21 21.15 23.33 23.44 20.18 20.19 1265 9.8 8.8
3 467 1087 222 1753 1495 18.03 2196 20.13 18.81 115 1187 9.23
4 8.82 1276 059 17.18 1219 20.04 219 21.41 1854 14.21 13 8.87
5 9.29 13.84 1185 9.18 20.85 20.68 23.01 20.16 18.34 14.51 12.9 8.24
6 10.57 6.44 1279 1585 23.75 1266 23.22 1846 1834 1345 1132 873
7 5.21 5.93 132 17.09 2429 2126 2345 1703 1789 1285 11.09 7.96
8 821 1412 1336 1836 16.36 2441 234 19.7 1762 1222 9.78 0.75
9 9.45 3.79 1346 19.31 6.84 19.48 23.17 1939 17.62 1247 8.94 0.68
10 7.42 5.04 15.06 17.95 18.89 23.2 23.18 20.29 1834 1357 1123 268
11 10.13 6.02 1558 18.17 14.33 234 2339 17.63 16.81 13.79 11.28 8.51
12 892 11.34 157 1282 16.18 2268 2254 215 16.32 1276 1059 9.14
13 8.78 847 11.02 1658 16.31 24.06 2286 2058 16.2 1225 10.06 8
14 824 1165 181 9.67 10 22.76 2225 19.65 1755 1299 222 6.36
15 9.24 9.9 16.29 17.86 24.85 2351 2122 16.48 16.88 134 1.96 5.8
16 9.43 8.45 1495 16.04 1763 20.51 2117 1576 1734 1186 1.21 0.19
17 8.97 7.79 1025 19.283 9.9 16.93 1791 1854 1659 12.68 5.68 212
18 9.61 12.61 16.6 19.39 19.04 19.23 20.98 20.09 15.07 1423 1.94 6.18
19 8.79 784 1747 12,02 17.09 2332 2168 1786 1431 1352 1091 585

20 8.97 9.87 1715 3.09 23.52 2414 2056 20.47 16.53 12.56 7.2 7.3
21 9.74 1398 836 1891 26.06 22.82 20.73 19.72 17 9.99 1.23 8.09
22 921 1526 6.83 2097 2494 2322 1939 2046 1756 11.88 9.19 7.26
23 9.29 1279 13.14 2114 2167 23.02 206 1941 1527 11.68 7.56 7.71
24 9.82 14.05 18.01 1964 25.19 2243 20.35 20.03 1239 1124 6.02 5.58
25 6.56 6.27 1746 2099 2336 2289 21.81 20.19 10.09 10.23 9.08 1.52
26 4.06 257 1658 20.4 13.17 22,77 2127 1992 1396 109 6.43 5.1
27 2.66 8.05 1643 19.01 2495 2356 19.68 19.36 14.61 11.58 4.19 0.23
28 1252 1342 1213 1815 26.15 2499 2145 19.11 1579 10.88 6.53 4.09
29 10.67 - 9.2 16.81 2287 23.21 19.09 17.76 1455 10.88 6.4 3.86
30 0.93 - 16.16 18.54 16.34 2284 10.15 19.2 15.09 12 8.3 4.51
31 10.37 - 15.32 - 25.03 - 2145 19.46 - 9.77 - 9.07

Aegean region of Turkey were produced using the data
measured at least for 15 years. The daily global solar
radiation data on a horizontal surface for the region was
presented throughout year in a tabular form. It was seen
that both long-term measured and the typical data are
very random throughout the year. It was found that there
is a good agreement between long-term data and typical
data on monthly basis. It was also seen from the data
that the region has a high solar energy potential. It is
expected that the presented typical solar radiation data
for Aegean Region will be useful to the designers of solar
energy systems and energy experts.
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