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Abstract. In this paper six different empirical models (three availability of these data on tilted surfaces isyveare [10].

isotropic and three anisotropic sky models) weredusor the
estimation of available solar radiation on inclireediface at Kuching,
Sarawak, Malaysia. Five year with monthly averagkar radiation
and meteorological data was used to compute thiéablearadiation
falling on the inclined plane. The tilt angle wasefl at 11°S towards
the equator to obtain more energy from the sufénworst months
of the year. From the results of selected modeis,revealed that the
Reindl et al. model displayed the highest estimatddes among all
models; while the Badescu model demonstrated thedbvesults as
compared to isotropic as well as anisotropic modets is
recommended that Lieu & Jordan model is better rnfatecloudy
weather conditions at Kuching. It can also be Udsedhe estimation
of solar radiation on tilted surfaces in overc&gts conditions.
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1. Introduction

Solar energy is one of the most viable renewablergn
resources in the world, and promising alternatived a
sustainable energy, omnipresent, safe, abundamelyfr
available, and environment friendly [1, 2]. A dizack,

Therefore, the tilted surface irradiation in mosises is
calculated from measured global horizontal irradiat[11].
This can be done by empirical correlations througidels
[12].

Solar radiation data could be used in several foand for a
variety of purposes. Daily data is often availadtel hourly
radiation can be estimated from available dailyadMonthly
total solar radiation on a horizontal surface canused in
some process design methods. However,
performance is generally not linear with solar atidh. The
use of averages may lead to serious errors if maaities are
not taken into account [13]. So that, the measuntsnaf solar
radiation on tilted planes are important in det&ing the
proper input to solar photovoltaic (PV) systemscollectors
[14]. Basically, two types of irradiance models egquired to
estimate tilted surface irradiation from global iaontal

irradiation. One type of model estimates beam aifftisg

components from global horizontal irradiation aheé ©ther
predicts tilted surface irradiation [11]. The totatliation on a
tilted surface consists of three components: beaftected

applications, active and passive heating and cgpliis their
unpredictable nature and their output cannot beurately
predicted, because, these systems are dependemeather
and climatic conditions [3, 4]. Research and dqwelent
efforts are required to improve the performance sofar
energy systems, and to establish new techniqueaciurate
prediction of their output from available environme and
climatic conditions [5]. Solar radiation data ane best source
of information for estimating average incident gtitin
necessary for proper design and the assessmeuiaoesergy
conversion systems [6]. The availability of
comprehensive solar radiation data is invaluahblgife design
and evaluation of solar-based conversion
Particularly, the basic solar radiation data far Hurfaces of
interests are not readily available in most devielpgountries
[7, 8]. Generally, the meteorological stations nueasglobal
and diffuse solar radiation intensities mostly ooritontal
surfaces only [9]. Whereas, the stationary solamveosion
systems (both for the production of electrical ahdrmal
energy i.e., photovoltaic cells and flat plate ectibrs) are
tilted towards the sun in order to maximize the ammf solar
radiation incident on the collector or cell surfa&ut, the

sky. The direct and reflected components can bepated
with good accuracy by using simple algorithms lngt hature
of diffuse part is more complicated. Calculation diffuse
radiation requires information of both global andredt
radiation incident on a horizontal surface at thens time
period [15, 16]. Empirical models which were propdgor
the estimation of diffuse radiation is mostly basedthe data
collected from the stations of United States, Canadistralia,
and Northern European countries [17]. However, @yela
number of empirical models exist, and attempts weaaele to

more Correlate the diffuse radiation on a tilted surface that

measured on horizontal surface according to lotiabatic

systemgonditions for a particular area. The abundantushsmodels

indicated the complexity of the task for convertidifuse
solar radiation measured on a horizontal to thataotited
surface [12]. Thus, six different empirical modale chosen
for this study to compare and assess the perforenahthese
models according to the meteorological conditions o
Kuching, Sarawak.

2. Methodology

the process



The data was obtained from Malaysian Meteorological

Services, Regional Office Kuching. The global sakdiation

data was taken for the year 2005-2009, by Kipp &efo

Solarimeter. Total six empirical models were sadcand

employed for the determination of solar radiationinclined

surface at Kuching (01°33'N and 110°25’E). Firshet
determination of extraterrestrial radiation of trea has been
carried out by empirical relationships; then, beamd diffuse

components on the horizontal surface is computexn fr
monthly mean global radiation data by a well knomadel

put forwarded by Erbs et al. (1982). Finally, thecaint of

incident solar radiation on tilted surface has bealtulated

with the help of three isotropic and three aniguitosky

models.

A. Determination of Extraterrestrial Solar Radiation of the
Area

The monthly average daily extraterrestrial soleadiance”s
on the horizontal surface is computed by takingvidlees of a
single day (close to monthly mean values) for evaonth of
the year by using days suggested by Klein (197®jchvare
representing the individual month. The proposedsdagre;
17" of January and July, 60f February, March and August,
15" of April, May, September and October, ™&f
November, 11 of June, and 10 of December [18]. The

monthly average daily extraterrestrial solar ireamtie H, on
the horizontal surface is determined by the follogvi

e = cog Y{—tamgtans) 3)

B. Calculation of Diffuse Component of Radiation on
Horizontal Surface

The solar radiation coming from the sun is atteedidty the

atmosphere and the clouds, before reaching thacudf the

earth. The ratio of solar radiation at the surfatéhe earth to

the extraterrestrial radiation is termed as clessne

index {¥r )} which is defined as:

h,*|
I
nL1r:|| ool

(4)
where,E is the monthly mean daily solar radiation on a

2)
horizontal surface{m2 . The monthly mean daily diffuse
radiation (" Hi(d )) can be computed from monthly mean

daily global radiatior‘[g]I based on the value of clearness

index{¥r)- For determination offs » the most widely
established correlation is used which was givertths et al.
(1982) [13, 19].

When the sunset hour angfeis} for average day of the

o . ] . a T ..
empirical relationship. month is = 81.4°and 0.3 = Kr =0.8 | then “ais
calculated from the following equation:
= 24 xaﬁnng (1 0.033 360 n) ( _ +.‘.' . . H)
g = ——/—/ - U = = 51 I
o — . cos 365 COS (7 COS 0 COS g Ho srnqgs no o 2 3
1) ﬁ=g.1.391—3.:.ﬁ|u Kr +4.189 K; — 2.137 K;
— _ _ ®)
where, 5 is monthly average daily extraterrestrial solar
I W
. . {—,J) G- iz solar constant (—.J) .
irradiance\m=/, m-/, nistheday the sunset hour angle
— it — _ —
of year (n =1 for T January and n= 365 for 3bf December), (o Jis> 81.4°and 0.3 < Ry <0.8: then Hs is

¥ is the latitude (degrees) of the arél, is declination

computed from the following correlation:

(degrees), an&“s is the sunset hour angle for the mean day

of the month (degrees).

The declinatiofd} is the angular position of the solar noon

with respect to the plane of the equator, and wésutated by
the formula proposed by Cooper (1669) as follows:

7 = 2345 5in (360 ="
0 = 23455in (360 —5—) 2)

s is actually the solar hour ang(@*]' corresponding to the
time when the sun sets. Since, the solar hour e(ﬁgﬂ!eis the
angular displacement of the sun east or the wethefocal
meridian; morning negative afternoon positive. Ebéar hour
angle is equal to zero at solar noon and variet%yegrees

per hour from the solar noon. The sunset hour argl¢ was
computed by the following equation:

H — 2 _3
:d= {1.311 - 3.022 KT + 3.427 I{I - 1.821 KI
H

(6)

C. Estimation of Monthly Mean Daily Incident Solar

Radiation on a Tilted Surface
The incident radiation on a tilted plane is the sofra set of
radiation streams including beam radiation, theeehr
components of diffuse radiation from the sky, ar t
radiation reflected from the various surfaces dgethe tilted

surface. The total incident radiatiogr() on tilted plane can
be written as in the following form:

=Hry+ Hre + Hrg

()



where, i) is the monthly total incident radiation on adilt where, 5 represents the slope of the PV array. The ground

)
surface, [(Hlry) is beam radiation,! Hlrr) is ground Albedo '[PE:]' is taken as 0.2, if the average monthly

g temperature is greater than 0°C and the measutatigrs is

reflected, and! E:I.d} is diffuse component on an incline .
P located on a roof top with a low reflectance. léue could be

plane. taken as 0.7 if the temperature is less than -53CZ0].
The beam radiation on tilted plaf&75) is given by: The methods used to estimate the diffuse radiatfoa tilted
_ o surface to that of a horizontal are broadly clésdifas
Hiy = Hy Ry (8) isotropic and anisotropic models. The isotropic eledssume
that the intensity of diffuse sky radiation is wmih over the
where, Bn is monthly average daily beam radiation onSky dome. Hence, the diffuse radiation incident ztilted

— surface depends on a fraction of the sky dome bgéh The
horizontal surface, an&“‘: ]' is the ratio of average daily anisotropic models on the other hand, presume that
beam radiation on the tilted surface to that onosizontal ~ anisotropy of the diffuse sky radiation in the aimsolar

= . . region (sky near the solar disk) plus the isotralbc
surface. Basicallyiz is a function of transmittance of gisyipyted diffuse component from the rest of sy dome
Hry ) (horizon brightening fraction) [15]. For this stydyptal six

L (3_ ) models were chosen, and their results were compfmed
atmosphere, which is equal %z / and be determined by ggjection of suitable and appropriate model fos #iea. Out

the following expression for the surfaces that ateped of six, three isotropic models (Liu and Jordan, d¢fwkis, and
towards the equatoisyrface azimuth angle (=0 )jn  Badescu model), and three anisotropic models (Hay a

the northern hemisphere: Davies, Reindl et al., and HDKR model) were examiing
general, the diffuse fraction of radiation on ineld surface is
- R L T . considered as follows:
— coslg—flcosdsin ws + (g5 ) 0 sinfe — Bisind
) cos g cos b sine, L Wn(ﬂ wig Singpsind Hra = HaisaFes + Haes By + Hy p:Foo:
) (13)
L . 1+ cosp
The numerator of the above equation is the exned#ial F._. = (?)
radiation on tilted surface and the denominatorthiat on (14)

horizontal surface. Each of these is obtained bggmation of

angle of incident of beam radiation over the apgetg time  Equation (6) for calculatingt can be rewritten as follows:
period, from the true sunrise to sunset for theizootal

. — S — 1 —cosf — L+ cosfBy, — — —
surface and from apparent ?unnse to apparent soms¢he Fip = By Ry + Hpe| : B | . [Hd.m |_ = E] + FypRy + B
tilted surface. Where, w: s the sun set hour angle for (15)
tilted surfaces of the month under consideratiomictvcan be
computed as: There is agreement among authors in terms of beadn a
reflected radiation (15). However, the differenaes largely in
cos=1 7 (— tan @tand ) the defining and tregting of diffuse radigtion dted sgrface.
wy = min{ R pLang)  or } Due to the complicated nature of diffuse fractiorany
cos~1 7 (-tanl@ — B)tan b ) researchers use a simple isotropic model to estintiag

(10)  amount of diffuse radiation incident on tilted sués [13].

- , . ) 1) Liuand Jordan model (1963)
The minimum value of either relationship can beetaland

= The radiation on tilted surface was consideredet@dmposed
employed for the calculation &t . of three parts such as; beam, reflected from graumbdiffuse
o fraction. It was assumed that the diffuse radiat®isotropic

The ground reflected radiation on incline surfacFltr) is  only; whereas, circumsolar and horizon brighteningre

composed of diffuse reflectanc;f\-ﬂg} from the ground (also taken as zero [13, 17].

called ground albedo) and a view fackBe-2) . TheFrr is T _T (1 1 cos I3)

defined as: Hence, "4~ 7d 2 , and the overall formula for
_ computing the total radiation on tilted surfacepisposed as

Tr = HpeFi—g (11) sum of beam, earth reflected and isotropic diffcsdiation.

Then, theffr was given as follows.

— — — Ll —cosfy —
(12) HTthRh_'_HPgI_Tﬂ_I Hd

(1 + :us E )
(16)



2) Koronakis model (1986)
Koronakis modified the assumption of isotropic gkiffuse

radiation and proposed that the sldfe= 90°) provides
66.7% of diffuse solar radiation of the total skgnie, for
1

Foo.=————
example, © 3(2 + cosB) . Thus, following correlation
was suggested to measure radiation on tilted suffzl].

— - = — Al —cospy, — [2+cosfE
Ar = BBy + Hpg(—— ) H R[5 | 1)
3) Badescu Model (2002)
Badescu demonstrated model for the solar diffud@atian on
3+cos2f
a tilted surface, and considered the view factor as 4

. Therefore, the total radiation on a tilted suefawas
expressed as [22]:

cos[[(2 B)I_
Ty
(18)

Isotropic models are easy to understand and mdkalaaon
of radiation on tilted surfaces simple.
anisotropic models have been developed which takes
account the circumsolar diffuse and horizon brighitg
components on a tilted surface. A brief descriptafnthe
selected anisotropic models is given below.

4) Hay and Davies Model (1981)

Hay and Davies assumed that the diffuse radiatiom fthe
sky is composed of an isotropic and circumsolar pament
only, whereas, the horizon brightening part wastakén into
account [23]. They presumed that the diffuse padsiing
directly from the sun’s direction is circumsoladathe diffuse

However,e th

and other authors, and employed same definiticanafotropy
index (A), as proposed by Hay and Davies. The natthg

f=

factor \

(4

st (E) for horizon brightening factor. They considered

three components of diffuse fraction, such

LT_:||E:~F|

was also added to multiply the term

of
all

agT disar Hyanz and 1.2, and their proposed
model is given below [25].

1—-::05[3) — :

§I={§h+§ﬂﬁ'}ﬁh +_'{P§( 2 +Hd‘:'1—;ﬂj.ll:

6) HDKR Model

When the beam, reflected and all terms of diffuséiation
such as isotropic, circumsolar and horizon brigimgnare
added to the radiation equation, a new correlatienelops
called HDKR (the Hay, Davies, Klucher, Reindl) mb§lE3,
26]. The total radiation on tilted plane is theetdmined as:

1- -::usﬂ)

Fr = (Fy + FaA )Ry + Fpg :

+Hji1-al
(22)

2

3. Resultsand Discussions

The tilt angle was fixed at 11°S towards the equt@apture
maximum solar radiation in the worst months of year from
October to March. Low solar radiation confronts thane of
array particularly in the month of January due toudy
weather conditions. It is revealed from the resultat all
models predicted more incident solar radiation dtedt
surface than on horizontal surface due to low e angle

Component reaching through the rest of the Sky dom@f solar radiation in these months. The models Ipted less

isotropically. These components were weighted attogrto

an anisotropy index (A). The anisotropy index wagdito

quantify a portion of diffuse radiation treated @scumsolar
with remaining part of the diffuse radiation assdnte be

isotropic. The reflected part is dealt with samaweggested by
Liu and Jordan. The total radiation on a tiltedface is

proposed as follows [24]:

|

h

2 2
(19)

where, A is anisotropy index, which is the functianf
transmittance of the atmosphere for beam radiatowl
defined as:

ia]
|

h,
A = — =
o,

b
o (20)

=

=
=y

5) Reindl et al. Model (1990)
Horizon brightening factor was added to isotropffude and
circumsolar radiation component, and considerednbaad
reflected fraction same as recommended by Liu andah

1= (o + FadJRo + Fpg (5t + Fu ()

amount of radiation in good weather conditions tmenigh
angle of incidence of solar radiation. It is fouttht all
isotropic models estimated lower solar radiatioailability in
the worst months due to conservative results cdethraodels
in overcast skies, and executed higher resultshéen good
weather conditions from April to September as shawfig.
1. Overall, both the Hay & Davies and HDKR models
demonstrated same results and established slightiye
values than Ljeu & Jordan model. This may be dusddition

of theteiicthimbolar component in diffuse radiatioacfion in
these models as compared to isotropic models. HiedRet
al. model displayed highest estimated values amalig
models. This is because of the individual consiiiemaof all
diffuse components and incorporation of modulatfagtor,
which was multiplied by the term used for horizon
brightening. The Badescu model demonstrated lovesstlts
as compared to isotropic as well as anisotropic efsodt is
due to the factor used in the cosine of tilt anghéch results
the lower values of diffused radiation. Statidticait is
discovered that isotropic models executed the higladues
than anisotropic models. Although, on the wholé salected
models established nearly 1% mean difference piestlic
values among each other.

/1 + cos



4. Conclusions

It is concluded that the Reindl et al. model essaleld the
highest estimated values among all models. The &ad
model demonstrated the lowest results when compartd
isotropic as well as anisotropic models. It is disgred that all
isotropic models estimated lower solar radiatioailability in

worst months and demonstrated higher results ingthed
weather conditions from April to September. For uclp
weather condition Hay & Davies and HDKR models t#igpd
almost the same results and executed slightly mahges as
compared to Lieu & Jordan model. However, it

11

Solar Radiation (MJ/m2)

= Global Radiation on
Horizontal Surface

= Liu & Jordan Model
| Koronalis Model

ERadesuModel

B Hay& Davies
Model

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Time (Month)

Reindel et al Model

HDER Model

recommended that Lieu & Jordan model is better rnémte
cloudy weather condition at Kuching, Sarawak. h edso be
used for the estimation of solar radiation on dilgurfaces in
overcast skies conditions.

Figurel. Amount of monthly mean daily incident satdiation
(MJ/n) on tilted surface by different models at KuchiSgrawak

Table 1. Amount of Monthly Mean Daily Incident SoRadiation (MJ/rf) on Tilted Surface by different Models at Kuching,

Sarawak
MONTH EXTRA- GLOBAL INCIDENT SOLAR RADIATION ON TILTED SURFACE
TERREST- SOLAR Liu & | Koronakis | Badescu| Hay & Reindel | HDKR
RIAL RADIATION | jordan| Model Model Davies etal. Model
SOLAR ON Model Model Model
RADIATION HORIZONTAL
SURFACE
Jan 35.60 12.80 14.2"5 14.28 14.19 14.71 14.99 14.71
Feb 36.98 14.24 14.55 14.57 14.48 14.66 14.89 14.66
Mar 37.70 15.87 15.81 15.83 15.78 15.82 16.03 15|83
Apr 36.90 16.21 15.65 15.67 15.58 15.56 15.7p 15/56
May 35.24 16.63 15.58 15.60 15.51 15.41 15.60 15|41
Jun 34.03 15.82 14.63 14.65 14.56 14.43 14.62 14.43
Jul 34.47 16.77 15.81 15.84 15.75 15.68 15.87 1568
Aug 35.99 17.21 16.55 16.57 16.48 16.46 16.66 16/46
Sep 37.20 16.51 16.28§ 16.30 16.21 16.26 16.47 16.26
Oct 37.00 15.28 15.40 15.42 15.3P 15.45 15.68 1546
Nov 35.76 14.59 14.97 14.99 14.9 15.08 15.31L 15/09
Dec 35.04 13.42 13.85 13.87 13.78 14.00 14.23 14.00
Mean 35.99 15.44 15.28 15.30 15.211 15.29 15.51 29158.
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