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Abstract

Solar energy can share with a big percentage in solving in the environmental pollution and
energy crisis in China. For the most application of solar energy, an accurate information of solar
radiation amount received by a horizontal surface is the first step. In this study, nine-day of the
year based models are calibrated and evaluated to estimate the daily global solar radiation
(DGSR) on a horizontal surface using long-term data of 84 stations all over China. After dividing
China into five solar climatic zones, the highest performance model for each zone is chosen to be
a general day of the year based models and then calibrate and evaluated at each solar zone. Based
on statistical indicator; the root mean square error (RMSE), the mean absolute bias error
(MABE), coefficient of determination @Rand the correlation coefficient (r) and the uncertainty
based on a 95% confidence levedlland Taylor diagram, results show that the models perform
best in the solar zones that receive a high amount of solar radiation and the performance
decreases with decreasing of the daily solar radiation incidence. The hybrid sine and cosine wave
day of the year based models exhibit the best performance, model D7 is the best for zone | and
model D8 for zones Il and IV. For zones Il and V, the Gaussian form model (D3 model) and the
4" order polynomial model (D4 model) yield high performance, respectively. Whereas, the two
Gaussian form model is the worth performance for all zones. The developed general day of the
year based models for each zone in this study can be used with high accuracy to estimate the
(DGSR) on a horizontal surface in areas where there is no data or the data is missing all over
China.
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1. Introduction

Renewable energy is the best solution for problefshe energy crisis and environmental
pollution. China consumed 3.25 billion tons of camjuivalent of total energy and the coal
production and consumption represented 67% in 2@t0rding to National Bureau of Statistics
of People’s Republic of China (http://www.stats.gwovtjsj/ndsj/2010/indexch.htm), which
illustrated the significant environmental pollutiproblem that faces China. Solar energy is clean,
safe and environmental friendly shares with a lgigentage in solving these problems. However,
the main challenge to use solar energy is thermtncy issue. Therefore, the solar energy
systems need to be coupled with energy storag@démiies which are under development now
(Dizaji and Hosseini, 2018).

China has thousands of towns and hundreds of céresthe different cities have different daily
irradiations parameters and ideal obliquities ddpenon their different latitudes. Over 90% of
China’s territory receives annual solar irradiatishove 4500 MJ/fy comprising China’s
abundant solar energy resources (Liu et al., 2Bi®get al., 2012)There is a need for accurate
solar radiation information to assist in systemigiesand simulations of different topographic
climates (Gouda et al., 2018). This informationalso beneficial to agriculturists, architects,
urban planners, manufacturers and other field emgs (Cao et al., 2017; Lemos et al., 2017;
Yao et al., 2017;). Despite the huge investmentmiadity of the Chinese government, only 122
of more than 2000 meteorological stations measotar gadiation (Chen and Li, 2013).
Therefore, it is essential to find an accurate etior estimating the daily global solar radiation
(DGSR) on a horizontal surface, especially, inlgtions that do not contain on any tools to

measure it.



For this purpose, several empirical models haven begestigated to estimate the DGSR
depending on meteorological and geographical datthe site of interest, such as sunshine
duration (Angstrom, 1924; Bahel et al., 1987; Jestaa., 2013; Ogelman et al., 1984; Prescott,
1940; Rietveld, 1978), air temperature (Allen, 198Ren and Li, 2013; Chen et al., 2004; Li et
al., 2014; Li et al.,, 2010b), precipitation (Li akt, 2010b), relative humidity, cloud, latitude
longitude, altitude (Chen et al., 2006; Li et @D,10b; Liu et al., 2009; Zhao et al., 2013; Zou et
al., 2016; Goudaet al., 2018). All these models dependable, hence, to estimate the DGSR
need to have any meteorological data that reqoks to measure which make it difficult and
more cost in some locations all over China.

The independent models such as day of the yeadbaseel can solve this problem because
there is no dependency to any specific input metegical data and is not need to any pre-
calculation analysis (Mohammadi et al., 2015). Hesve a few day of the year based models
have been previously developed for estimating t&SR on a horizontal surface that found in
the literature. Four different models were proposgdl-Salaymeh (2006) to predict the DGSR
in Amman city, Jordan, and the sine wave form wdldthe best among others. Two
trigonometric day of the year based models weresldped, the first one is sine wave form
which was proposed by Bulut and Biylkalaca (2007, obtained results showed a good
accuracy for estimating the DGSR in Istanbul cityrkey. The second model is cosine wave
function which was investigated by Kaplanis and ldap(2007). The performance of this model
was evaluated at six climate zones in Greece aglded high performance. Li et al. (2010a)
evaluated three existed day of the year based ntodektimate the DGSR on a horizontal

surface using long-term data of 79 stations alr @f&ina, and proposed new model that consists



of a hybrid sine and cosine wave, the results atdit to the new proposed model exhibited a
better performance than others.

Additionally, Zang et al. (2012) examined two e&simodels and proposed a new one which is
similar to the model of Ref. (Li et al., 2010a),t b a different form. They proposed a new
model and evaluated it beside another two existedets using data of 35 stations in China.
The new model performed well across all zones im&hence, there is a need to use it on a
larger scale. In four Iranian cities of Bandarabdsfmhan, Kerman and Tabass, six-day of the
year based models were examined for estimatin@®8R and determine the best performance
for each city and regions with similar climates ¢Khsanizadeh and Mohammadi, 2013). A
universal model for estimating the DGSR based an dhy of the year was developed by
Kaplanis et al. (2016). The model is two cosine avfunctions that can be used in the Southern
and Northern hemispheres with higher accuracy fostntocations located between 0° to 71°
from north to south and for most all longitudes.

Recently, seven existing day of the year based laadere examined and evaluated to predict
the DGSR in ten cities in Egypt by Hassan et &16). The results showed that the hybrid sine
and cosine wave and 4th order polynomial model®peed best and therefore, a general model
was developed for all country. A new day of therybased DGSR models in form of two
Gaussians function was proposed by Quej et al.Z(Rfait prediction in six cities in the Yucatan
Peninsula, Mexico, also they compared the resutts ether four existing day of the year based
models. The results indicated that the new modelehaigher accuracy than others, also in the
seasonal analysis in all seasons. Aoun and Bouch®&{2017) examined six existed day of the

year based models for estimating the DGSR at 2dsciflgeria, and developed a general model



for all country using 21-year of DGSR data. Theulssshowed that the hybrid sine and cosine
wave model yielded the best performance for allefiky

All developed general models to predict the DGSR aofiorizontal surface in China are
dependent models which need to observed meteocalogata and most of them are not cover
all China mainland for example Li et al. (2013b)lected a data of solar radiation, sunshine
duration, relative humidity, temperature from 8atisins across China to develop a general
model to estimate DGSR for different solar radiattmnes in China based on latitude, longitude
and altitude and site-specific models. They foumak the developed general model based on
sunshine duration, temperature, relative humidityd geographical information for each zone
can be used with good accuracy. Li et al. (2018ajnated the DGSR on a horizontal surface in
Southwest China by two models based on maximumnaimémum temperatures. The results
showed that these two models performed best.

It is noticed that from the literature, models’ foemance is not the same, different from site to
site and from mathematical form to other form. Mehite, some studies have been carried out
to study the day of the year based models and éocas a few stations. Additionally, there are
no independent general models were developed fonaChased on solar climatic zones.
Therefore, this study aims to examined and evaligexisted day of the year based models in
the literature to estimate the DGSR on horizontefage using a data from 84 stations across
China, to classify China to different zones usihg best solar climatic zoning and select the
model with the highest performance in each solarezand then determine and evaluate the

general model to estimate the DGSR for differetarsdimatic zones.



2. Materials and methods

2.1. Data used and study area

The daily solar radiation data are taken from DAM
(http://dam.itpcas.ac.cn/data/daily_solar_radiatdataset _over_China.zip). These data include
716 China Meteorological Administration (CMA) stats and cover a 50-year period from 1961
to 2010. It obtained by combining two datasets. fifs¢ one is the hybrid daily solar radiation
model stations developed by Yang et al., (2001)¥ag et al., (2006) estimate at 716 stations
and the second one is the artificial neural netwsaked model estimate at 96 radiation stations,
which has higher accuracy. These data were ussevieral studies such as Tang et al., (2013);
Tang et al., (2010) and Zou et al., (2016).

China is a large country with an area of aboutriléon km? (Lam et al., 2005). China includes
a vast territory and adjoins the Eurasian contifetihe north and the Pacific Ocean in the east.
Topographic elevations generally decrease from weesiast. Those factors result in markedly
different climatic conditions, rainfall generallyecreases from the southeast coast to the
northwest inland, and solar radiation is uneveristridbuted in China (Ouyang et al., 2017).
Numerous ways are used to classify different clicnabnes according to different criteria using
different climatic variables and indices. This degi® largely on the purpose of establishing such
classification (Domrés and Gongbing, 1988).

The solar radiation zoning in China are the preigtps for the assessment the global solar
radiation models. There have been a number of wonkslimate classification since the 1930s
(Lam et al.,, 2005) e.g., Lau et al. (2007) and @&aal. (2017). In the present study, the
classification by Liu et al. (2017) is used, theyptoyed a data from 660 meteorological stations

for classifying China to five solar radiation zonesing the k-means clustering and Support



Vector Machine-Genetic Algorithm, based on the rhipninean daily solar radiaticas a zoning
index (Gouda and Yuan, 2018a, b, c; Liu et al.,80%Fig. 1.illustrates the distribution of 84
stations with corresponding solar climatic zonees& China. The geographical information and

the data records of 84 stations distributed inl&rsmnes across China are listed able 1
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Fig. 1. A map of China solar zones with correspondingasta.
Table 1
Geographical locations and data records of thectszlestations with corresponding solar

climatic zones across China.

Longitude Latitude Altitude Period Longitude Latitude Altitude Period
Zone  Stations Zone Stations
CE) N (m) Calibratior  Validatior CE) CN) (m) Calibratior  Validatior
| Gangch 100.1¢ 37.3¢ 3301.t 1961-199¢ 199¢€-200¢ 1] Lanzhot 103.8¢ 36.0¢ 1517.; 1961-199: 1994-200¢
Geermi 94.¢ 36.4: 2807.¢ 1961-199¢ 199¢€-200¢ Taiyuar 112.5¢ 37.7¢ 778.% 1961-199¢ 199¢€-200€
Geer 80.0¢ 32t 427¢ 1961-199¢  199€-200¢€ Yanar 109.£ 36.€ 958.£ 1961-1998  199€-200¢€



Naqgu 92.07 31.4¢ 4507 1961-199¢ 199€-200€ Anyanc 114.30 36.12 75.8 1961-199¢ 199€-200€
Lase 91.1% 29.67 3648.7 196¢-199¢ 199€-200€ Tongliac 122.2 43.€ 178.t 1961-199¢ 199€-200€
Yusht 97.0z 33.02 3681.: 1961-199¢ 199€-200€ Changchu  125.2: 43.¢ 236.¢ 1961-199¢ 199€-200€
Guoluc 100.2¢ 34.4% 371¢ 1991-200¢ 2001-200¢ Tianjin 117.0°0 39.0¢ 25 1961-199¢ 199€-200¢
Changd 97.1% 31.1¢ 330€ 1961-199¢ 199€-200€ Daliar 121.6¢ 38.¢ 91.t 1961-199¢ 199€-200€
Ganz 10¢ 31.62 3393t 1961-199¢ 199€-200€ Jinar 116.9¢ 36.6¢ 51.€ 1961-199¢ 199€-200€
Lijiang 100.2: 26.87 2392 1961-199¢ 199€-200€ Juxiar 118.8¢ 35.5¢ 107.¢ 1961-198¢ 199¢-1997
Panzhihu 101.7: 26.5¢ 1190.: 198¢-2001 2002-200€ Xi'an 108.9¢ 34.: 397.f 1961-199¢ 199€-200€
Tengchon 98.t 25.02 1654.¢ 1961-199¢ 199€-200¢ Zhengzho 113.6¢ 34.7: 110.¢ 1961-199¢ 199€-200¢
Kunming 102.6¢ 25.02 1892.« 196¢-199¢ 199€¢-200¢ IV Nanyan( 112.5¢ 33.0¢ 129.2 1961-199¢ 199€-200¢
Mengz 103.3¢ 23.3¢ 1300.° 1961-199¢ 199€-200€ Wuhar 114.1¢ 30.62 23.1 1961-199¢ 199€-200€
Sany: 109.5: 18.2¢ 5.8 1961-199¢ 199€-200€ Ganzhol 114.9¢ 25.8¢ 123.¢ 1961-199¢ 199€-200€
Il Yining 81.3t 43.9¢ 662. 1961-199¢ 199€-200€ Qingjiang 119.0¢ 33.€ 17.t 1961-1991 1992-2001
Urumaqi 87.62 43.7¢ 917.¢ 1961-199¢ 199€-200€ Gush 115.6 32.1% 57.1 1961-199¢ 199€-200€
Turpar 89.2 42.9% 34t 1961-199¢ 199€-200¢ Nanjing 118.¢ 32 8.9 1961-199¢ 199€-200¢
Akest 80.2¢ 41.1% 1103.¢ 1961-199¢ 199€-200¢ Lvsi 121.¢ 32.0% 55 1961-199¢ 199€-200¢
Alaty 88.0¢ 47.7¢ 735.% 1961-199¢ 199€-200€ Hefei 117.2¢ 31.8% 27.¢ 1961-199¢ 199€-200€
Tachen 82 46.7¢ 534.¢ 1961-199¢ 199€-200€ Shangh: 121.4¢ 314 6 1991-2001 2002-200€
Kash 75.9¢ 39.4% 1288.° 196€-199¢ 199€-200€ Hangzhoi 120.1° 30.2t 411 1961-199¢ 199€-200€
Ruogiant 88.1% 39.0¢ 888.% 1961-199¢ 199€-200¢ Lushar 115.9¢ 29.5¢ 1164.% 1961-199¢ 199€-200¢
Hetar 79.9% 37.1% 1374.% 1961-199¢ 199€-200¢ Tunxi 118.2¢ 29.7: 1425 1961-199¢ 199€-200¢
Hami 93.52 42.82 737.2 196€-199¢ 199€-200¢ Nanchan 115.9: 28.€ 46.7 1961-199¢ 199€-200¢
Erjinaq 101.0° 41.9¢ 940.8 1961-199¢ 199€-200¢ Hongjie 121.4; 28.6: 13 196¢-199¢ 199€-200¢
Tunhany 94.6¢ 40.1¢ 113¢ 196¢-199¢ 199€-200€ Fuzhot 119.2¢ 26.0¢ 84 1961-199¢ 199€-200€
Jiugquar 98.4¢ 39.7% 1477.% 1961-199¢ 199€-200€ Shantol 116.6¢ 23.¢ 11 1961-199¢ 199€-200€
Mingin 103.0¢ 38.6¢ 1367 1961-199¢ 199€-200¢ Nanning 108.3¢ 22.8: 73.1 1961-199¢ 199€-200¢
Erlianhaot  111.97 43.6% 964.7 1961-199¢ 199€-200¢ Haikou 110.3¢ 20.0¢ 13.¢ 1961-199¢ 199€-200¢
Hailiutu 108.5: 41.57 128¢ 1962-199¢ 199€-200¢ Mianyan¢ 104.6¢ 31.4% 470.¢ 1965-199¢ 199€-200¢
Datong¢ 113.3¢ 40.1 1067.: 1961-199¢ 199€¢-200¢  V Chengdi 104.0: 30.67 506.1 1961-199¢ 1994-200¢
Dongshen 109.9¢ 39.8t 1460. 1961-199¢ 199€-200€ Emeisha 103.3¢ 29.52 3047« 1961-199¢ 199€-200€
Yinchuar 106.2: 38.4¢ 1111« 1961-199¢ 199€-200€ Ankang 109.0¢ 32.7: 290.¢ 1961-199¢ 199€-200€
Guyuar 106.27 36 175¢ 1961-199¢ 199€-200¢ Yichan¢ 111 30.7 133.1 1961-199¢ 199€-200¢
Xilinhaote 116.0° 43.9% 989.8 1961-199¢ 199€-200¢ Chonggin¢ 106.47 29.5¢ 259.1 1961-199¢ 199€-200¢
Heihe 127.4¢ 50.2¢ 166.4 1961-199¢ 199€-200¢ Luzhou 105.4¢ 28.8¢ 334.¢ 1961-199¢ 199€-200¢
Hailar 119.7¢ 49.2% 610.2 1961-199¢ 199€-200¢ Jishot 109.7¢ 28.3: 208.¢ 1961-199« 199¢E-200¢
Fuyt 124.4¢ 47 162.7 1961-199¢ 199€-200¢ Changsh 112.9: 28.2: 68 1987-200C 2001-200¢
Suolur 121.2¢ 46.€ 499.7 1961-199¢ 199€-200¢ Guiyan( 106.7: 26.5¢ 1074.¢ 1961-199¢ 199€-200¢
Jiamus 130.2¢ 46.82 81.2 1961-199¢ 199€-200¢ Changnini 112.¢ 26.4: 116.¢ 1987-200C 2001-200%
1] Harbir 126.77 45.7¢ 142 1961-199¢ 199€-200¢ Guilin 110.¢ 25.32 164. 196¢-199¢ 199€-200¢




2.2. Models used
Nine models using only the day of the year withosing any other parameters existed in the
literature for estimating the DGSR on a horizorgatface are evaluated and examined in this

work. A brief introduction is as follows.

D1: Al-Salaymeh model 1
Al-Salaymeh (2006) proposed four different form relsdto estimate the DGSR on a horizontal

surface in Amman city, Jordan. The first form isirre wave correlation:

R, =a1+azsin(223N +a4] 1)

WhereRy is the DGSR on a horizontal surface, MAmay, N is the number of the day of the

year anda;, ap, as, anda, are the amplitude, the phase shift, the waveleragitl the intercept,

respectively. empirical coefficients.

D2: Al-Salaymeh model 2

The second model is the following Lorentzin coriela model (Al-Salaymeh, 2006):

R, = ——— @)

g 2
1+[N—a2]
a;

Wherea,, a;, andag are the amplitude, the center, and the width eesgely.

D3: Al-Salaymeh model 3

The suggested Gaussian form is the third, preses€dl-Salaymeh, 2006):

_ N-a,)
= -0.5| ——= 3
R, =a exp ( a j (3)

Wherea,, a;, andag are the amplitude standing, the center, and tdéhwiespectively.



D4: Al-Salaymeh model 4

A 4th order polynomial degree model is finally pospd (Al-Salaymeh, 2006):
R =a+a,N+aN° +aN’+aN* (4)

Wherea;-a4 are the empirical coefficients.

D5: Bulut and Biytkalaca model
Bulut and Buytkalaca (2007) presented a simple hejgending only on the day of the year to

predict the DGSR on a horizontal surface usingha siave equation.
(m(N+5))[”
sinf ———= (5)
365

D6: Kaplanis and Kaplani

R =a+a,

Kaplanis and Kaplani (2008uggested the following cosine wave form to prethet DGSR

based on the day of the year:

Fg=a1+a200{@+agJ

365 ©)

D7: Li model
Li et al. (2010a) proposed a trigopnometric modetamjunction with sine and cosine waves to
estimate the DGSR by using the daily measured Ylcidar radiation data from 79

meteorological stations covering all China:
R=a+ sin(@ +aj+a co{ﬂa +aj (7)
al a2 365a3 4 5 365 6 7

Wherea;-a; are the empirical coefficients.

10



D8: Zang model
Zang et al. (2012) developed a novel global sddration model in conjunction with sine and

cosine wave correlations to simulate the long-temeasured data over at least 10 years at 35

stations:
. (21N 2N
=a +a.sinl —+ +a,Cos ——+a
e e ncof Za) .
D9: Quej model

Quej et al. (2017) proposed a new day of the yaaed model using a sum of two Gaussian

correlation formulas to estimate the DGSR on azomtial surface of Yucatan Peninsula in

2 2
—O.S{N_%J +a, ex%— O.B(N;aﬁj
a, a,

CurveExpert software (http://www.curveexpert.net) employed to obtain the empirical

Mexico:

9)

R, =& ta,exp

coefficients of used models, using nonlinear regogsmethod for all equations except Eq. (4),

the polynomial regression method is used.

2.2. Model performance evaluation

In this study, the accuracy and suitability of tmodels were assessed based on common
statistical indicators, namely, the root mean sguaror (RMSE), the mean absolute bias error
(MABE), the coefficient of determination fRand the correlation coefficient (r). These

indicators are described as follows:

RMSE = \/T]-Zijzl(ﬁi'm -R ,c)2 (10)

11



1d
MABE ==Y

| =

(11)

(Rn-Rc)

R2 —1 Zi:l(Ri’m - Ri ,c) (12)

> (Rin=Rna)
S/ (Re~Rona) (R~ Rosa)
(Zijﬂ(ﬁi'c _ﬁc""“’g )2 Zijzl(ﬁi m _ﬁm’a"g )2)

wherej is the number of values, the subscriptepresents thgh value of the solar radiation;

r=

05 (13)

andm represent calculated and measured solar radiaéitues, respectivelyiR. .., aNd R, ..,

are the mean calculated and measured solar ratialaes, respectively; and Raries between

0 and 1 (a value of Reloser to 1 reflects better performance). Thiistta provides information
about how well a model can estimate a set of medsadata. A model exhibits better
performance when the RMSE is closer to zero. Addéily, r ranges fronee to 1 and a model
with good performance will have an r value closerte. The MABE gives the absolute value of
mean bias error which provide information on thefgrenance and low value is desired, hence
MABE's values close to zero reflect high performanc

Furthermore, the uncertainty based on a 95% cordelével (4s) was used to provide more

information about model deviation (Gueymard, 2014):
Ugs =1.96(SD? + RMSE2)”™” (14)

where 1.96 is the coverage factor correspondinthéo95% confidence level arD is the

standard deviation of the difference between theut@ed and measured values.

12



3. Results and Discussions

In this study, nine models based on day of the gemevaluated for their accuracy for estimating
DGSR at 84 stations all over China, after classdyChina into five solar zones according to the
DGSR data.

The measured data of DGSR at 84 stations acrosg@ne divided into two datasets. The first
dataset is employed to obtain the empirical coeifits of the models based on multiple linear
and nonlinear regression methods. The coefficiendetérmination (B indicator is used to
determine how well the regression line approximétesactual data points. The second dataset is
employed to validate the model$able S1 (supplementary data)presents the regression
coefficients of the 9 models with statistical ineBcat 84 location distributed under 5 solar zones
across China. The performance of tested modelses/émom site to site accordingly, from zone
to zone. The best model is highlighted in bold.

In the following subsections, the performance dfiedent models is assessed based on statistical
indices and Taylor diagram and compared with oleskdata after a brief climatic discerption
for each zonéTable 2). The best model is selected and a representdstiersis also selected to
illustrate the differences between the used modets the performance of the best model for
each station.

Table 2
Climatic description of the five solar zones acrGsna.

Annual

mean Annual
daily mean
sunshine DGSR
Main duration (MJ/m?
Zone location Hottest month  Monthly mean daily temperature (°C)  Annual mean daily relative humidity (%)  (h) day)
Tibet,
Qinghai,
Ningxia,
L July 16.1 59.5 6.8 17.0

13



Xinjiang,
Inner
Mongolia
] andcansy AUQUST 22.8 51.2 8.0 15.9
East anc

Central

] —— August 234 64.3 6.7 13.9
Eastern an
southern
coastal
areas of

IV s July 27.4 77.5 4.9 12.8
Sichuar

v ™ July 26.2 78.6 3.6 10.4

Guiyang

3.1. Zone |

For this zone, model D7 exhibits the best perforreammong the nine models, and its
performance is more stable through all statiormoime |. For this model, r ranges between 0.755
and 0.986. RMSE, MABE, &4 and Rvalues vary between 0.933 to 1.646 My, 0.751 to
1.308 MJ/M day, 2.575 to 4.550 and 0.799 to 0.983, respdytive addition, Model D4 yields
good and stable performance all over zone |, k&g tean model D7. It has ranges for r, RMSE,
MABE, U95 and R of 0.668-0.985, 0.953-1.861 MJnday, 0.755-1.456 MJ/mday, 2.637-
5.157 and 0.667-0.970, respectiv€lable S1)

Model D8 performs best, furthermore, models D2 BBchave less performance than model D8.
Whereas, model D1 yields the worst performanceofadid by model D9, where they have
lowest r values (0.328 and 0, respectively). MoD&l presents superior performance among
others; hence, the daily data of 18 stations aeea@ed and employed to fit model D7 as the best
model for this zone. The results listedTiable 3 show that the general model for zone | yields
an acceptable performance. For this model, r, RMBEBE, Ugs and Rvalues are 0.984, 0.780

MJ/n? day, 0.586 MJ/fhday, 2.062 and 0.976, respectively.

14



Naque station is selected to represent zok&gl, 2 compares the DGSR data and the predicted

data of different models and the best model fa& done (GM).

28
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Fig. 2. The observed data compared with the predicted ohatthe used model and the best

model (GM) in Naque (zone ).
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Fig. 3. Taylor diagram for the used models and the genamdel (GM) of DGSR at Naque
(zone I).

A Taylor diagram is used to compare the performasfcthe models. The main advantage of
presenting the performance of the models in a Tajiagram is that the models are clustered
according to their performance. In agreement whih results infTable S1, models D9 and D1
exhibit the furthest representative points from teerence point (Measured), which indicates
that these performed poorer than other models.r@ise, models D1, D2, D3, D4, D5, D6, and
D8 are the closest models to the reference poima@dred). Hence, their representative points
were close to each other, which suggests that pleeiormance was similar. Additionally, Model
D7 is the nearest point to the measured pointetba, it has the best performance among others,
and the general model (GM) for zone | yielded awmeptable performance, where it is

representative point closes to the measured point.

3.2. Zone Il

For zone Il, model D8 exhibits the best performantéas r values vary from 0.935-0.989,
RMSE values are between 1.071 to 1.688 Mday, MABE values are between 0.820 to 1.336
MJ/n? day, Us ranges between 2.968 to 4.666 arfdv®y between 0.948 to 0.991. Model D6
performs best slightly decrease compared to mo@elHdr D6 model, the values of r, RMSE,
MABE, U95 and Rrange between 0.934-0.989, 1.087-1.811 Mday, 0.835-1.455 MJ/may,
3.014-4.959 and 0.948-0.991, respectively. Thisilates that using sine and cosine functions in
one model (D8) leads to an improvement as repdstedang et al. (2012). Model D2 yields
good performance followed by models D3, D5, D4, &id The worst performance is yielded
by D9 followed by D7, where the values of r arfdv&y between 0 to 0.983 and 0.238 to 0.989;

and 0 to 0.983 and 0.59 to 0.992, respectivelys&hesults indicate that D7 and D9 models are
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not suitable for estimating DGSR in zone Il, and sluperior performance is exhibited by model
D8 (Table S1).Thus, the averaged data of 21 stations in zons Bmployed to obtain the
empirical coefficients of the best model (D8) fdrist zone, the empirical coefficients and
statistical indices for the general model of zohg3@M) are listed inTable 3. It has r, RMSE,
MABE, U95 and Rvalues are 0.991, 0.783 MJday, 0.622 MJ/mday, 2.160 and 0.992,
respectively.

Furthermore, Yinchuan station is chosen to reptesame II. The observed and predicted daily
data are figuredFig. 4) to illustrate the difference between the perforogaof different models,
besides the best model for zone Il (GM). It canseen from the Taylor diagrarRig. 5),
models D9, D7 and D1 perform poorer than other nsodehere they have the furthest
representative points from the reference pointe@ise, models D2, D3, D4, D5, D6, and D8
are the closest models to the reference point &g ¢o each other, which suggests that their
performance is similar. Model D8 is the neareshptm the measured point, therefore, it has the
best performance among others. The general modd) @r zone Il exhibits an acceptable

performance, where its representative point idarofrom the measured point.
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3.3. Zone lll

For zone IlI, the best and more stable performasmggelded by model D3, it has r values vary
between 0.885 and 0.975, RMSE values are betw&d8 and 2.304 MJ/frday, MABE values
are between 1.233 and 1.764 MJ/day, Us values range between 4.305 and 6.125, ahd R
values are between 0.917 and 0.983. Models D2PB6and D1 perform best, whereas models
D4, and D8 yields a good performance in all statiercept Yanan station for D4 model and
Jiamusi station for D8, they have highest value®RBISE, MABE, and g5 (7.806 and10.248
MJ/n? day, 7.638 and 10.098 MJX¥nday, and 15.623 and 20.376, respectively). Theswor
performances are yielded by models D9 and D7. lkese two models, they have the lowest r
and R values; r equals 0 and 0.17 for D9 and D7, respyt and R equals 0 and 0.027 for D9
and D7, respectively. In this zone, it can notibattfrom Table S1, for the best models’
performance, the models perform better in the magh zone Il (Northeast of China) (Hailar
and Heihe), and the performance decreases in retatinich located in the south of zone Il
(Juxian and Zhengzhou).

The data of 18 stations are averaged and usedbdfaming the empirical coefficients of model
D3 which performed the best of zone IIl, where RMSE, MABE, UWs and r values are 0.980,

1.042 MJ/m day, 0.835 MJ/fday, 2.743 and 0.983, respectivElable 3).

Hailar station represents zone Ill, and the measdadly data from this station are figured with
the calculated data by the used models and GM maaelthe superior performance among
others in this zoneF{g. 7). In addition, the Taylor diagram agrees with pnesented results in
Table 3. Models D9 and D1 performed poorer than other moudgisre they have the furthest

representative points from the reference pointe@tise, models D2, D3, D4, D5, D6, D7, and
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D8 are the closest models to the reference poihictwsuggests that their performance is the
best. Additionally, the general model (GM) yieldssh where its representative point is close to

the measured point.

=— Measured dataj
— D1
D2
—D3
—D4
—D5
Dé
—D7
D8
—DY9
—=—GM

-4 Hailar (Zone I11)

Rg (M.]/’m2 day)
1

t I ! I ' I v [ t I . I ' I S I L I ! [ T T ' I ! I
0 30 60 90 120 150 180 210 240 270 300 330 360
Days

Fig. 6. The observed data compared with the predicted bohatthe used model and the best

model (GM) in Hailar (zone III).
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3.4. Zone IV

For zone 1V, D8 model performed best followed bydaloD4. For these two models, the values
of r, RMSE, MABE, UWs and Rrange between 0.789-0.916 and 0.790-0.914, 2.(&%t2and
2.035-2.644 MJ/fday, 1.615-2.069 and 1.639-2.061 M3aay, 5.115-7.348 and 5.163-7.330,
and 0.740-0.924 and 0.739-0.921, respectively. M4oB8, D2, D6, and D5 exhibit acceptable
and approximately similar performance. On otherdsamodel D9 followed by models D1 and
D7 give the worst performance among others, whezevalues of r are between 0-0.907, 0.158-
0.904 and 0.299-0.909, respectively. \Rilues range between 0-0.931, 0.119-0.938 andt90.02
0.927, respectivelyTable S1) It is noticeable that the model D8 is the supeperformance
among others in zone IV. Therefore, the averaged dh18 station are employed to fit this

model and the empirical coefficients and statistiodicators are presented ifable 3. For
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general model, 8 RMSE, MABE, UWs and r values are 0.950, 1.241 M3/day, 1.0 MJ/rhday,
3.366 and 0.947, respectively.

The measured daily solar radiation data of Lvdi@taas a representative station of zone IV are
employed to show the difference between the predidata by different models and the general
model (GM) for this zonéFig. 8). Furthermore, the performance of different modeid the
general models is illustrated in Taylor diagréiang. 9), the furthest representative points from
the reference point are points of D9, D8, and DHa which suggests that they have a poor
performance agreed with the resultsTeble S1.Otherwise, the nearest points to the reference
point are the representative points of models O2,, D5, D6, and GM, which means a good

and similar performance is performed by these nsdel
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3.5. Zone V

For zone V, through twelve stations in this zonedsel D4 is more accurate and stable. For this
model, r values are between 0.692 and 0.934, RM&kes vary between 1.850 and 2.116
MJ/n? day, MABE range between 1.455 to 1.708 MJday, U95 are 5.089 to 5.865 antidRe
0.646 to 0.907. Models D6, D8, D2 exhibit good aidilar performance followed by model D5.
Whereas models D9 and D1 performed a worst perfocenahere their r and’Ralues are 0 to
0.933 and 0 to 0.911 for D9 model, respectively] @r884 to 0.926 and 0.165 to 0.903 for D1
model, respectively. Although, model D7 performs best in most stations, his performance is
dropped down in Luzhou station, where r arfd/&ues are 0.292 and 0.241, respectively. Hence,
model D4 is selected as the best model to estiD&S8R in this zone. For this purpose, daily

data of 12 stations are averaged and employedt&inathe coefficients of D4 model as listed in
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Table 3 It can be seen that the general model perforrss héas R of 0.912, RMSE of 1.309
MJ/n? day, MABE of 1.030 MJ/mday, Us of 3.557 and r of 0.944.

To show the difference between measured and peeddzdta, Luzhou station is selected for this
purpose as shown irig. 9. Taylor diagram(Fig. 10) approve that D9, D7, and D1 models are
the furthest representative points from the measpi@nt, which illustrates that it cannot be
dependable for estimating the DGSR in this zone@apy D9 model. On other hand, models
D3, D4, D5, D6, and D8 have a similar and goodgrenance, which their representative points

lie in the same position and close to the measpoat.
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Fig. 10. The observed data compared with the predicted lo\atdne used model and the best

model (GM) in Luzhou (Zone V).
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Table 3

The empirical coefficients and statistical india#sgeneral models for each solar zone across

China.

Zone  General Model (GM) a S a En as Y a R? RMSE MABE Ugs r

I D7 17.743 4551 -0.976 -14.597 -0.982 1952 -0.1D.984 0.780 0.586 2.062 0.976
I D8 16.841  -49.939  0.004 -8.271 1.032 - - 0.991 .788 0.622 2.160  0.992
i D3 20.538 168.631  109.313 - - - - 0.980 1.042 .83% 2.743  0.983
v D8 13.009 -0.523 1.269 -4.779 977 - - 0.950 412 1.0 3.366  0.947
\% D4 6.791 -0.065 1.999x10 -9.850x1¢  1.330x1¢ - - 0.912  1.309 1.030 3.557 0.944

4. Conclusion
In this study, a DGSR data of 84 zones across Chiesemployed to divided China into five
solar climatic zones and evaluate the performanaeght day of the year based model, existed

in the literature, for estimating DGSR across Cherad developing a general model for each

25



solar zone in China. Polynomial and nonlinear regjon methods are used for generating the
empirical coefficients of used models. For evahugtihe performance statistical indicators are
employed such as regression coefficierft) (Rorrelation coefficient (r), root mean squareoer
(RMSE), mean absolute bias error (MABE) and thesuiainty based on a 95% confidence level
(Ugs), and Taylor diagram. The results indicate forednthe trigonometric model, hybrid sine,
and cosine wave model (D7) yields the best anantlwe the general model for this zone. For
zones Il and 1V, the hybrid sine and cosine wavel@h@D8) is the superior performance among
others, therefore, it is identified to be the gaherodel for these two zones. The Gaussian model
(D3) is selected to be the general model for zdhéue to its good and stable performance
across 18 stations in this zone. For the last,zpoee V, the fourth polynomial degree model
(D4) yields best performance all over zone V, hertcgan be used as a general model to predict
the DGSR in this zone.

The performance of all used models is higher iregomhich receive high values of DGSR (zone
I) and lower in zones which receive a lower amaafrgolar radiation (zone Il). The general day
of the year based models which developed and eealua this study can be employed to
estimate the daily global solar radiation in Chim#h a good accuracy without needing any
meteorological data. Studying the changing in th#dydsolar radiation data obtained from the
models for each site is not considered in this tyjpmodels, that need to be studied in the future.
Therefore, using the geographical parameters atiaéodaily extraterrestrial solar radiation on a
horizontal surface of the site of interest may bwwriove model performance and makes it

changeable with the site and year.
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